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ture of 15°C; (c) calculates the mole fraction of MEK in the vapor product using Raoult's law — an 
approximate relationship between the compositions of liquid and vapor phases in equilibrium with 
each other at a specified temperature and pressure (Chapter 6); and (d) calculates the molar flow 
rates of the vapor and liquid products from nitrogen and MEK balances (input = output). The 
results follow. 
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(10.9 mol MEK(l)/s) 



Variables 
*** specified 
(***) calculated 



Values without parentheses are specified quantities and those with parentheses are calculated. 

A condenser is then installed and run at the design temperature and pressure. The volumetric flow 
rates of the feed stream and the vapor and liquid product streams are measured with rotameters (see 
p. 46), and the MEK mole fractions in the feed and vapor effluent streams are measured with a gas 
chromatograph. The feed stream flow rate is set to 500 liters/s and enough time is allowed to pass for 
the product stream rotameter readings to reach steady levels. The feed and product gas flow rates 
are then converted to molar flow rates using the ideal gas equation of state, and the product liquid 
flow rate is converted to a molar flow rate using a tabulated MEK density and the molecular weight 
of MEK. Here are the results. 

326 Us 
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0.937 mol N 2 /mol 
15=0, 3.5 atm 



0.570 Us 

6.4 mol MEK(l)/s 



Variables 

*** measured 
(***) calculated 



1. Calculate the MEK balance closures for the condenser design and the experimental condenser. 

2. List possible reasons for the differences between the design predictions and the experimental 
values of the output stream variables and for the failure of the experimental system balance to 
close. 



SOLUTION 



1. Material balance closures. 
Design 

MEK in = (59.6 mol/s)(0.200 mol MEK/mol) = 11.9 mol MEK/s 
MEK out = (48.7 mol/s)(0.021 mol MEK/mol) + 10.9 mol MEK/s = 11.9 mol MEK/s 

I 

~. MEK out 119 mol/s 

Closure = X 100% = ... . 5 x 100% = 



100% closure 



MEK in ~ H.9 mol/s 

The nitrogen balance closure is also 100% (verify). 
Experiment 

MEK in = (59.6 mol/s)(0.200 mol MEK/mol) = 11.9 mol MEK/s 
MEK out = (48.3 mol/s)(0.063 mol MEK/mol) + 6.4 mol MEK/s = 9.44 mol MEK/s 



_,. MEK out 9 44 mol/s I 

closure = MEKiiT x 100% = n« x 100% = 1 79% 

The nitrogen balance closure is 95% (verify). 
2. Possible reasons for differences between design values and experimental values. 

• Human errors, instrument errors, and random data scatter. Plant or laboratory personnel 
are responsible for setting and maintaining the process operating conditions, reading the 
feed and product stream flowmeters, and drawing samples of the product gas and analyzing 
them. Any error that any of these individuals makes could lead to errors in measured variable 
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values and values calculated from them. Moreover, any measured value (e.g., an input or out- 
put stream volumetric flow rate, the mole fraction of MEK in the feed or vapor product stream, 
any stream temperature or pressure) is subject to errors due to a faulty instrument (e.g., a mal- 
functioning or poorly calibrated flowmeter or gas chromatograph) or random data scatter. 

• Impurities in the feed. The design calculations were based on an assumption that the feed 
contains only MEK vapor and nitrogen. Impurities present in the feed could react with the 
MEK, or they could condense and affect the vapor-liquid equilibrium distribution of MEK 
in the products. 

• Incorrect assumption of steady state. Closure should be expected only after the system 
reaches steady state, so that input = output. In the experimental run, steady state was 
declared when the operator could no longer see changes in the outlet stream rotameter 
readings. It is possible that the flow rates were still changing but the rotameter was not 
sensitive enough to show the changes. It is also possible that MEK was still accumulating in 
the system — for example, by adsorbing on the container walls — and much more time would 
be required for the buildup to be complete. 

• Incorrect assumption that MEK is not reactive. If MEK undergoes a reaction in the 
system— decomposition, for example, or reaction with something on the reactor wall— then 
input = output + consumption. The output would then necessarily be less than the input 
and the balance would not close. 

• Errors due to approximations in the experimental data analysis. Several potential errors 
were introduced when the measured volumetric flow rates were converted to molar flow 
rates. Volumetric gas flow rates were converted using the ideal gas equation of state, which 
is approximate, and the volumetric liquid flow rate was converted using a tabulated density 
that may not have been measured at the system temperature. Also, the fact that a physical 
property value has been published is no guarantee that it is correct. 

• Approximations in the design analysis. Like the ideal gas equation of state, Raoult's law is 
an approximation that may be excellent or seriously in error, depending on the experimental 
process conditions. 

There are other possibilities, but you get the idea. The point is that no matter how carefully you 
design a process, you cannot predict exactly what the real process will do. Approximations and as- 
sumptions must be made for every process design; closures on real process material balances are 
never exactly 100%; nothing can be measured with complete accuracy; and everyone sometimes 
makes mistakes. 

Experienced design engineers know these things and account for them with overdesign factors. If 
they calculate that they need a 2500-liter reactor, they might order a 3000-liter or 3500-liter reactor to 
make sure they have enough reactor capacity to meet both current and anticipated product demands. 
The more uncertainties in the design or the projected product demand, the greater the overdesign. 
A large part of what engineers do involves reducing the uncertainties and thus lowering the required 
overdesign, resulting in major reductions in equipment purchase and maintenance costs. 



4.10 SUMMARY 

Every chemical process analysis involves writing and solving material balances to account for 
all process species in feed and product streams. This chapter outlines and illustrates a systematic 
approach to material balance calculations. The procedure is to draw and label a flowchart, 
perform a degree-of-freedom analysis to verify that enough equations can be written to solve 
for all unknown process variables, and write and solve the equations. 

• The general balance equation is 

input + generation - output — consumption = accumulation 

A differential balance applies to an instant of time and each term is a rate (mass/time or 
moles/time). An integral balance applies to a time interval and each term is an amount (mass 
or moles). Balances may be applied to total mass, individual species, or energy. (They may 
also be applied to momentum, but we will not consider momentum balances in this text.) 
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• For a differential balance on a continuous process (material flows in and out throughout 
the process) at steady-state (no process variables change with time), the accumulation term 
in the balance (the rate of buildup or depletion of the balanced species) equals zero. For an 
integral balance on a batch process (no material flows in or out during the process), the input 
and output terms equal zero and accumulation = initial input - final output. In both cases, 
the balance simplifies to 

input + generation = output + consumption 
If the balance is on total mass or on a nonreactive species, the equation simplifies further to 

input = output 

• A process stream on a flowchart is completely labeled if values or variable names are as- 
signed to one of the following sets of stream variables: (a) total mass flow rate or total mass 
and component mass fractions; (b) mass flow rates or masses of each stream component; (c) 
total molar flow rate or total moles and component mole fractions; and (d) molar flow rates 
or moles of each stream component. If a total amount or flow rate or one or more component 
fractions are known for a stream, use (a) or (c) to incorporate the known values into the label- 
ing. If neither the total nor any fractions are known, using (b) or (d) (component amounts or 
flow rates) often leads to easier algebra. Volumetric quantities should be labeled only if they 
are either given or requested in the problem statement. A flowchart is completely labeled if 
every stream is completely labeled. 

• A basis of calculation for a process is an amount or flow rate of one of the process streams. If 
two or more stream flow rates or amounts are given in the problem statement, they constitute 
the basis of calculation. If one is given, it may be assumed as a basis but it may also be 
convenient to assume another basis and then scale the flowchart to the specified value. If no 
flow rates or amounts are given, assume one as a basis, preferably an amount of a stream 
with known composition. 

• To perform a degree-of-freedom analysis on a single-unit nonreactive process, count un- 
known variables on the flowchart, then subtract independent relations among them. The 
difference, which equals the number of degrees of freedom for the process, must equal zero 
for a unique solution of the problem to be determinable. Relations include material balances 
(as many as there are independent species in the feed and product streams), process specifi- 
cations, density relations between labeled masses and volumes, and physical constraints (e.g., 
the sum of the component mass or mole fractions of a stream must add up to 1.) 

• To perform a degree-of-freedom analysis on a multiple-unit process, perform separate anal- 
yses on the overall process, each process unit, each stream mixing or stream splitting point, 
and, if necessary, on combinations of process units. When you find a system with zero de- 
grees of freedom, assume that you can solve for the unknown variables in the feed and out- 
put streams for that system; then, considering those variables as known, try to find another 
system with zero degrees of freedom. This procedure helps you to find an efficient solution 
procedure before you undertake time-consuming calculations. 

• Once you have written the system equations for a process, you may solve them either manu- 
ally or using an equation-solving computer program. If you solve system equations manually, 
write them in an order that minimizes the number that must be solved simultaneously, starting 
with equations that only involve one unknown variable. 

• Recycle is a common feature of chemical processes. Its most common use is to send unused 
raw materials emerging from a process unit back to the unit. Overall system balances are usu- 
ally (but not always) convenient starting points for analyzing process with recycle. A purge 
stream is withdrawn from a process when a species enters in the process feed and is com- 
pletely recycled. If this species were not removed in the purge, it would keep accumulating 
in the process system and eventually lead to shutdown. 

• The limiting reactant in a reactive process is the one that would be completely consumed if 
the reaction proceeded to completion. All other reactants must either be fed in stoichiometric 
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4.2. 



proportion to the limiting reactant (the feed rates are in the ratio of the stoichiometric co- 
efficients) or in excess of the limiting reactant (in greater than stoichiometric proportion 
to it). 

• The theoretical requirement for an excess reactant is the amount required to react completely 
with the limiting reactant. The percentage excess of the reactant is 

amount fed - amount theoretically required 

% excess = : : — — - 

amount theoretically required 

The percentage excess depends only on the feed rates of the excess and limiting reactants 
and on their stoichiometric coefficients; it does not depend on how much actually reacts or 
on anything else that happens in the reactor. 

• The fractional conversion of a reactant is the ratio of amount reacted to amount fed. The 
fractional conversions of different reactants are generally different unless the reactants are 
fed in stoichiometric proportion. 

• The extent of reaction, £ (or £ for a continuous process), is a species-independent quantity 
that satisfies the equation 

rij = n iQ + or = h i0 + v,£ 

where n i0 (n i0 ) is the number of moles (molar flow rate) of species i in the feed to the re- 
actor, rii (hi) is the number of moles (molar flow rate) of species i in the stream leaving the 
reactor, and v, is the stoichiometric coefficient of species i (negative for reactants, positive 
for products, and zero for nonreactive species). The units of £ (£) are the same as those of 
n (h). If you know the inlet and outlet amounts or flow rates of any reactive species, you 
can determine £ or £ by applying this equation to that species. You may then substitute the 
calculated value into the equations for the other species in the stream leaving the reactor to 
determine the amounts or flow rates of those species. 

• You may analyze reactive processes using (a) molecular species balances (the only method 
used for nonreactive processes), (b) atomic species balances, or (c) extents of reaction. Molec- 
ular species balances on reactive processes are often cumbersome: they must include gener- 
ation and consumption terms for each species, and one degree of freedom must be added 
for each independent reaction. Atomic species balances have the simple form input = out- 
put and are usually more straightforward than either of the other two methods. Extents of 
reaction are particularly convenient for reaction equilibrium calculations. 

• Combustion is a rapid reaction between a fuel and oxygen. The carbon in the fuel is oxidized 
to CO2 (complete combustion) or CO (partial combustion) and the hydrogen in the fuel 
is oxidized to water. Other species in the fuel like sulfur and nitrogen may be partially or 
completely converted to their oxides. Combustion reactions are carried out commercially 
either to generate heat or to consume waste products. 

Note: This would be a good time to work through Interactive Tutorial #3. In the problems that 
follow, you can use E-Z Solve to solve sets of equations quickly. 

Water enters a 2.00-m 3 tank at a rate of 6.00 kg/s and is withdrawn at a rate of 3.00 kg/s. The tank is 
initially half full. 

(a) Is this process continuous, batch, or semibatch? Is it transient or steady state? 

(b) Write a mass balance for the process (see Example 4.2-1). Identify the terms of the general 
balance equation (Equation 4.2-1) present in your equation and state the reason for omitting 
any terms. 

(c) How long will the tank take to overflow? 

A liquid-phase chemical reaction A — * B takes place in a well-stirred tank. The concentration of 
A in the feed is C A o (mol/m 3 ), and that in the tank and outlet stream is C A (mol/m 3 ). Neither con- 
centration varies with time. The volume of the tank contents is V(m 3 ) and the volumetric flow rate 
of the inlet and outlet streams is v (m 3 /s). The reaction rate (the rate at which A is consumed by 
reaction in the tank) is given by the expression 

r(mol A consumed/s) = kVC A 

where k is a constant. 
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(a) Is this process continuous, batch, or semibatch? Is it transient or steady-state? 

(b) What would you expect the reactant concentration C A to equal if k = 0 (no reaction)? What 
should it approach if k -* °° (infinitely rapid reaction)? 

(c) Write a differential balance on A, stating which terms in the general balance equation 
(accumulation = input + generation - output - consumption) you discarded and why you 
discarded them. Use the balance to derive the following relation between the inlet and outlet 
reactant concentrations: 

C = ^ A0 
A 1 + kVjv 

Verify that this relation predicts the results in part (b). 
A liquid mixture of benzene and toluene contains 55.0% benzene by mass. The mixture is to be 
partially evaporated to yield a vapor containing 85.0% benzene and a residual liquid containing 
10.6% benzene by mass. 

(a) Suppose the process is to be carried out continuously and at steady state, with a feed rate of 100.0 
kg/h of the 55% mixture. Let m v (kg/h) and mi(kg/h) be the mass flow rates of the vapor and liquid 
product streams, respectively. Draw and label a process flowchart, then write and solve balances 
on total mass and on benzene to determine the expected values of m v and m h For each bal- 
ance, state which terms of the general balance equation (accumulation = input + generation - 
output - consumption) you discarded and why you discarded them. (See Example 4.2-2.) 

(b) Next, suppose the process is to be carried out in a closed container that initially contains 100.0 kg 
of the liquid mixture. Let m v (kg) and m,(kg) be the masses of the final vapor and liquid phases, 
respectively. Draw and label a process flowchart, then write and solve integral balances on total ' 
mass and on benzene to determine m v and m x . For each balance, state which terms of the general 
balance equation (accumulation = input + generation - output - consumption) you discarded 
and why you discarded them. 

(c) Returning to the continuous process, suppose the evaporator is built and started up and the 
product stream flow rates and compositions are measured. The measured percentage of benzene 
in the vapor stream is 85% and the product stream flow rates have the values calculated in part 
(a), but the liquid product stream is found to contain 7% benzene instead of 10.6%. One possible 
explanation is that a mistake was made in the measurement. Give at least five others. [Think 
about assumptions you made in obtaining the solution of part (a).] 

Draw and label the given streams and derive expressions for the indicated quantities in terms of 
labeled variables. The solution of part (a) is given as an illustration. 

(a) A continuous stream contains 40.0 mole% benzene and the balance toluene. Write expressions 
for the molar and mass flow rates of benzene, n B (mol C 6 H 6 /s) and /n B (kg C 6 H 6 /s), in terms of 
the total molar flow rate of the stream, «(mol/s). 

Solution 

n(mol/s) 

— , — ^ 

0.400 mol C 6 H 6 /mol 
0.600 mol C 7 H 8 /mol 



n B = 



0.400«(mol C 6 H 6 /s) 



m B 



0.400n(mol C 6 H 6 ) 


78.1gC 6 H 6 




mol 



31.2n(g C 6 H 6 /s) 
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(c) 



(d) 



(b) The feed to a batch process contains equimolar quantities of nitrogen and methane. Write an 
expression for the kilograms of nitrogen in terms of the total moles n(mol) of this mixture. 
A stream containing ethane, propane, and butane has a mass flow rate of 100.0 g/s. Write an 
expression for the molar flow rate of ethane, h B (lb-mole C 2 H 6 /h), in terms of the mass fraction 
of this species, x E . 

A continuous stream of humid air contains water vapor and dry air, the latter containing ap- 
proximately 21 mole% 0 2 and 79% N 2 . Write expressions for the molar flow rate of 0 2 and 
for the mole fractions of H 2 0 and 0 2 in the gas in terms of /^(lb-mole H 2 0/s) and ri 2 (lb-mole 
dry air/s). 

(e) The product from a batch reactor contains NO, N0 2 , and N 2 0 4 . The mole fraction of NO is 
0.400. Write an expression for the gram-moles of N 2 0 4 in terms of «(mol mixture) and vn 0 (mol 
N0 2 /mol). 2 

5. (a) Draw a flowchart for the catalytic dehydrogenation of propane from the description of this pro- 
cess that begins Section 4.3a. Label all feed, product, and connecting streams between units. 

(b) Write clear statements of the overall objective of the process and the functions of each of the 
process units (the preheater, the reactor, the absorption and stripping towers, and the distillation 
column). 

6. A distillation column is a process unit in which a feed mixture is separated by multiple partial vapor- 
izations and condensations to form two or more product streams. The overhead product stream is 
rich in the most volatile components of the feed mixture (the ones that vaporize most readily), and 
the bottom product stream is rich in the least volatile components. 

The following flowchart shows a distillation column with two feed streams and three product 
streams: 

m 3 (kg A/h) 



Wkg/h) 



0.03 kg B/kg 
0.97 kg C/kg 



5300 kg/h 



-r 2 (kg A/kg) 
y 2 (kg B/kg) 



1200 kg/h 



0.70 kg A/kg 
v 4 (kg B/kg) 
z 4 (kg C/kg) 



m 5 (kg/h) 
0.60 kg B/kg 
0.40 kg C/kg 

(a) How many independent material balances may be written for this system? 

(b) How many of the unknown flow rates and/or mole fractions must be specified before the others 
may be calculated? (See Example 4.3-4. Also, remember what you know about the component 
mole fractions of a mixture — for example, the relationship between x 2 and y 2 .) Briefly explain 
your answer. 

(c) Suppose values are given for ih\ and x 2 . Give a series of equations, each involving only a single 
unknown, for the remaining variables. Circle the variable for which you would solve. (Once a 
variable has been calculated in one of these equations, it may appear in subsequent equations 
without being counted as an unknown.) 

7. Liquid extraction is an operation used to separate the components of a liquid mixture of two or more 
species. In the simplest case, the mixture contains two components: a solute (A) and a liquid solvent 
(B). The mixture is contacted in an agitated vessel with a second liquid solvent (C) that has two key 
properties: A dissolves in it, and B is immiscible or nearly immiscible with it. (For example, B may 
be water, C a hydrocarbon oil, and A a species that dissolves in both water and oil.) Some of the A 
transfers from B to C, and then the B-rich phase (the raffinate) and the C-rich phase (the extract) 
separate from each other in a settling tank. If the raffinate is then contacted with fresh C in another 
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stage, more A will be transferred from it. This process can be repeated until essentially all of the A 
has been extracted from the B. 

Shown below is a flowchart of a process in which acetic acid (A) is extracted from a mixture of 
acetic acid and water (B) into 1-hexanol (C), a liquid immiscible with water. 



m c (g C 6 H 13 OH/min) 



400 g/min 



0.115 gCH 3 C00H/g 
0.885 g H 2 0/g 





0.096 g CH 3 C00H/g 
0.904 gC 6 Hi 3 0H/g 



m R (g/min) 



0.005 g CH 3 C00H/g 
0.995 g H 2 0/g 



(a) What is the maximum number of independent material balances that can be written for this 
process? 

(b) Calculate m c , m E , and m R , using the given mixture feed rate as a basis and writing balances in 
an order such that you never have an equation that involves more than one unknown variable. 

(c) Calculate the difference between the amount of acetic acid in the feed mixture and that in the 
0.5% mixture, and show that it equals the amount that leaves in the 9.6% mixture. 

(d) Acetic acid is relatively difficult to separate completely from water by distillation (see Problem 
4.6) and relatively easy to separate from hexanol by distillation. Sketch a flowchart of a two-unit 
process that might be used to recover nearly pure acetic acid from an acetic acid-water mixture. 

Eggs are sorted into two sizes (large and extra large) at the Cheerful Chicken Dairy. Unfortunately, 
business has not been good lately, and since the Cheerful Chicken's 40-year-old egg-sorting machine 
finally gave up the ghost there have been no funds available to replace it. Instead, Old Fred, one of 
the firm's sharper-eyed employees, has been equipped with a "Large" rubber stamp in his right hand 
and an "X-large" stamp in his left and assigned to stamp each egg with the appropriate label as it 
goes by on the conveyor belt. Down the line, another employee puts the eggs into either of two 
hoppers, each egg according to its stamp. The system works reasonably well, all things considered, 
except that Old Fred has a heavy hand and on the average breaks 30% of the 120 eggs that pass 
by him each minute. At the same time, a check of the "X-large" stream reveals a flow rate of 70 
eggs/min, of which 25 eggs/min are broken. 

(a) Draw and label a flowchart for this process. 

(b) Write and solve balances about the egg sorter on total eggs and broken eggs. 

(c) How many "large" eggs leave the plant each minute, and what fraction of them are broken? 

(d) Is Old Fred right- or left-handed? 

Strawberries contain about 15 wt% solids and 85 wt% water. To make strawberry jam, crushed 
strawberries and sugar are mixed in a 45:55 mass ratio, and the mixture is heated to evaporate water 
until the residue contains one-third water by mass. 

(a) Draw and label a flowchart of this process. 

(b) Do the degree-of-freedom analysis and show that the system has zero degrees of freedom (i.e., 
the number of unknown process variables equals the number of equations relating them). If you 
have too many unknowns, think about what you might have forgotten to do. 

(c) Calculate how many pounds of strawberries are needed to make a pound of jam. 

Three hundred gallons of a mixture containing 75.0 wt% ethanol (ethyl alcohol) and 25% water 
(mixture specific gravity = 0.877) and a quantity of a 40.0 wt% ethanol-60% water mixture (SG = 
0.952) are blended to produce a mixture containing 60.0 wt% ethanol. The object of this problem is 
to determine V^, the required volume of the 40% mixture. 

(a) Draw and label a flowchart of the mixing process and do the degree-of-freedom analysis. 

(b) Calculate V m . 

If the percentage of fuel in a fuel-air mixture falls below a certain value called the lower flammability 
limit (LFL), the mixture cannot be ignited. For example, the LFL of propane in air is 2.05 mole% 
C,H 8 . If the percentage of propane in a propane-air mixture is greater than 2.05 mole%, the gas 
mixture can ignite if it is exposed to a flame or spark; if the percentage is lower than the LFL, the 
mixture will not ignite. (There is also an upper flammability limit, which for propane in air is 11.4%.) 
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A mixture of propane in air containing 4.03 mole% C 3 H 8 (fuel gas) is the feed to a combustion 
furnace. If there is a problem in the furnace, a stream of pure air (dilution air) is added to the fuel 
mixture prior to the furnace inlet to make sure that ignition is not possible. 

(a) Draw and label a flowchart of the fuel gas-dilution air mixing unit, presuming that the gas en- 
tering the furnace contains propane at the LFL, and do the degree-of-freedom analysis. 

(b) If propane flows at a rate of 150 mol C 3 H 8 /s in the original fuel-air mixture, what is the minimum 
molar flow rate of the dilution air? 

(c) How would the actual dilution air feed rate probably compare with the value calculated in part 
(b)? (>,<,=) Explain. 

4.12. One thousand kilograms per hour of a mixture containing equal parts by mass of methanol and water 
is distilled. Product streams leave the top and the bottom of the distillation column. The flow rate of 
the bottom stream is measured and found to be 673 kg/h, and the overhead stream is analyzed and 
found to contain 96.0 wt% methanol. 

(a) Draw and label a flowchart of the process and do the degree-of-freedom analysis. 

(b) Calculate the mass and mole fractions of methanol and the molar flow rates of methanol and 
water in the bottom product stream. 

(c) Suppose the bottom product stream is analyzed and the mole fraction of methanol is found to 
be significantly higher than the value calculated in part (b). List as many possible reasons for 
the discrepancy as you can think of. Include in your list possible violations of assumptions made 
in part (b). 

4.13. A pharmaceutical product, P, is made in a batch reactor. The reactor effluent goes through a purifi- 
cation process to yield a final product stream and a waste stream. The initial charge (feed) to the 
reactor and the final product are each weighed, and the reactor effluent, final product, and waste 
stream are each analyzed for P. The analyzer calibration is a series of meter readings, R, correspond- 
ing to known mass fractions of P, x?. 



Xp 


0.08 0.16 


0.25 


0.45 


R 


105 ; 160 


245 


360 



(a) Plot the analyzer calibration data on logarithmic axes and determine an expression for x P (R). 

(b) The data sheet for one run is shown below: 

Batch #: 23601 Date: 10/4 
Mass charged to reactor: 2253 kg 
Mass of purified product: 1239 kg 
Reactor effluent analysis: R = 388 
Final product analysis: R = 583 
Waste stream analysis: R = 140 

Calculate the mass fractions of P in all three streams. Then calculate the percentage yield of the 
purification process, 

Yp = kg Pin final product x m% 
kg P in reactor effluent 

(c) You are the engineer in charge of the process. You review the given run sheet and the calculations 
of part (b), perform additional balance calculations, and realize that all of the recorded run data 
cannot possibly be correct. State how you know, itemize possible causes of the problem, state 
which cause is most likely, and suggest a step to correct it. 

4.14. A stream of humid air containing 1.00 mole% H 2 0(v) and the balance dry air is to be humidified to 
a water content of 10.0 mole% H 2 0. For this purpose, liquid water is fed through a flowmeter and 
evaporated into the air stream. The flowmeter reading, R, is 95. The only available calibration data 
for the flowmeter are two points scribbled on a sheet of paper, indicating that readings R = 15 and 
R = 50 correspond to flow rates V = 40.0 ft 3 /h and V = 96.9 ft 3 /h, respectively, 
(a) Assuming that the process is working as intended, draw and label the flowchart, do the 

degree-of-freedom analysis, and estimate the molar flow rate (Ib-mole/h) of the humidified 

(outlet) air. 
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(b) Suppose the outlet air is analyzed and found to contain only 7% water instead of the desired 
10%. List as many possible reasons as you can think of for the discrepancy, concentrating on 
assumptions made in the calculation of part (a) that might be violated in the real process. 
4.15. A liquid mixture contains 60.0 wt% ethanol (E), 5.0 wt% of a dissolved solute (S), and the bal- 
ance water. A stream of this mixture is fed to a continuous distillation column operating at steady 
state. Product streams emerge at the top and bottom of the column. The column design calls for the 
product streams to have equal mass flow rates and for the top stream to contain 90.0 wt% ethanol 
and no S. 

(a) Assume a basis of calculation, draw and fully label a process flowchart, do the degree-of- freedom 
analysis, and verify that all unknown stream flows and compositions can be calculated. (Don't 
do any calculations yet.) 

Calculate (i) the mass fraction of S in the bottom stream and (ii) the fraction of the ethanol in 
the feed that leaves in the bottom product stream (i.e., kg E in bottom stream/kg E in feed) if 
the process operates as designed. 

An analyzer is available to determine the composition of ethanol-water mixtures. The calibra- 
tion curve for the analyzer is a straight line on a plot on logarithmic axes of mass fraction of 
ethanol, *(kg E/kg mixture), versus analyzer reading, R . The line passes through the points 
(R = 15, x = 0.100) and (R = 38, x = 0.400). Derive an expression for x as a function of 
R(x = •••) based on the calibration, and use it to determine the value of R that should be 
obtained if the top product stream from the distillation column is analyzed, 
(d) Suppose a sample of the top stream is taken and analyzed and the reading obtained is not the 
one calculated in part (c). Assume that the calculation in part (c) is correct and that the plant 
operator followed the correct procedure in doing the analysis. Give five significantly different 
possible causes for the deviation between /? mea sured and /? pre dicted, including several assumptions 
made when writing the balances of part (c). For each one, suggest something that the operator 
could do to check whether it is in fact the problem. 

Two aqueous sulfuric acid solutions containing 20.0 wt% H 2 S0 4 (SG = 1.139) and 60.0 wt% H 2 S0 4 
(SG = 1.498) are mixed to form a 4.00 molar solution (SG = 1.213). 

(a) Calculate the mass fraction of sulfuric acid in the product solution. 

(b) Taking 100 kg of the 20% feed solution as a basis, draw and label a flowchart of this process, 
labeling both masses and volumes, and do the degree-of-freedom analysis. Calculate the feed 
ratio (liters 20% solution/liter 60% solution). 

(c) What feed rate of the 60% solution (L/h) would be required to produce 1250 kg/h of the product? 

4.17. A paint mixture containing 25.0% of a pigment and the balance water sells for $18.00/kg, and a 
mixture containing 12.0% pigment sells for $10.00/kg. If a paint retailer produces a blend containing 
17.0% pigment, for how much ($/kg) should it be sold to yield a 10% profit? 

4.18. Wet sugar that contains one-fifth water by mass is conveyed through an evaporator in which 85.0% 
of the entering water is vaporized. 

(a) Taking a basis of 100 kg feed, calculate (i) ;c w , the mass fraction of water in the wet sugar leaving 
the evaporator, and (ii) the ratio (kg H 2 0 vaporized/kg wet sugar leaving the evaporator). 

(b) If 1000 tons/day of wet sugar is fed to the evaporator, how much additional water must be re- 
moved from the outlet sugar to dry it completely, and what annual revenue can be expected if 
dry sugar sells for $0.15/lb m ? 

(c) The evaporator is built to achieve the production rate of part (b), installed, and started up, and 
the water content of the partially dried sugar is measured on successive days of operation. The 
results follow. 



Day 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


*w 


.0513 


.0486 


.0500 


.0507 


.0541 


.0498 


.0512 


.0474 


.0511 


.0494 



In subsequent runs, the evaporator is to be shut down for maintenance if jc w falls more than 
three standard deviations from the mean of this series of runs. Calculate the endpoints of this 
range. 

(d) Considering the results of parts (a) and (c) together, what can you conclude about the recently 
installed evaporator? 
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19. A sedimentation process is to be used to separate pulverized coal from slate. A suspension of finely 
divided particles of galena (lead sulfide. SG = 7.44) in water is prepared. The overall specific gravity 
of the suspension is 1.48. 

(a) Four hundred kilograms of galena and a quantity of water are loaded into a tank and stirred 
to obtain a uniform suspension with the required specific gravity. Draw and label the flowchart 
(label both the masses and volumes of the galena and water), do the degree-of-freedom analysis, 
and calculate how much water (m 3 ) must be fed to the tank. 

(b) A mixture of coal and slate is placed in the suspension. The coal rises to the top and is skimmed 
off, and the slate sinks. What can you conclude about the specific gravities of coal and slate? 

(c) The separation process works well for several hours, but then a region of clear liquid begins to 
form at the top of the cloudy suspension and the coal sinks to the bottom of this region, making 
skimming more difficult. What might be happening to cause this behavior and what corrective 
action might be taken? Now what can you say about the specific gravity of coal? 

20. Wet air containing 4.0 mole% water vapor is passed through a column of calcium chloride pellets. 
The pellets adsorb 97.0% of the water and none of the other constituents of the air. The column 
packing was initially dry and had a mass of 3.40 kg. Following 5.0 hours of operation, the pellets are 
reweighed and found to have a mass of 3.54 kg. 

(a) Calculate the molar flow rate (mol/h) of the feed gas and the mole fraction of water vapor in the 
product gas. 

(b) The mole fraction of water in the product gas is monitored and found to have the value calcu- 
lated in part (a) for the first 10 hours of operation, but then it begins to increase. What is the 
most likely cause of the increase? If the process continues to run, what will the mole fraction of 
water in the product gas eventually be? 

21. A dilute aqueous solution of H2SO4 (Solution A) is to be mixed with a solution containing 90.0 wt% 
H 2 S0 4 (Solution B) to produce a 75.0 wt% solution (Solution C). 



Solution A 




90% H 2 S0 4 



Flowmeter B 



MIXER 



The flow rate and concentration of Solution A change periodically, so that it is necessary to adjust 
the flow rate of Solution B to keep the product H2SO4 concentration constant. 

Flowmeters A and B have linear calibration plots of mass flow rate (m) versus meter reading 
(R), which pass through the following points: 

Flowmeter A: m A = 150 lb ra /h, R A = 25 

m A = 500 lb m /h, R A = 70 

Flowmeter B: m B = 200 lb m /h, R B = 20 

m B = 800 lbm/h, R B = 60 

The analyzer calibration is a straight line on a semilog plot of %H2S0 4 (x) on a logarithmic scale 
versus meter reading (R x ) on a linear scale. The line passes through the points (jc = 20%, R x = 4.0) 
and (* = 100%, R x = 10.0). 

(a) Calculate the flow rate of Solution B needed to process 300 lb m /h of 55% H 2 S0 4 (Solution A), 
and the resulting flow rate of Solution C. (The calibration data are not needed for this part.) 

(b) Derive the calibration equations for m A (R A ), m B (R B ), and x(R x ). Calculate the values of R A . 
R B , and R x corresponding to the flow rates and concentrations of part (a). 

(c) The process technician's job is to read Flowmeter A and the analyzer periodically, and then to 
adjust the flow rate of Solution B to its required value. Derive a formula that the technician can 
use for R B in terms of R A and R x , and then check it by substituting the values of part (a). 
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*4.22. Gas streams containing hydrogen and nitrogen in different proportions are produced on request by 
blending gases from two feed tanks: Tank A (hydrogen mole fraction = x A ) and Tank B (hydrogen 
mole fraction = x B ). The requests specify the desired hydrogen mole fraction, x ? , and mass flow 
rate of the product stream, /h P (kg/h). 

(a) Suppose the feed tank compositions are x A = 0.10 mol H 2 /mol and x B = 0.50 mol H 2 /mol, 
and the desired blend-stream mole fraction and mass flow rate are x P = 0.20 mol H 2 /mol and 
rhp = 100 kg/h. Draw and label a flowchart and calculate the required molar flow rates of the 
feed mixtures, « A (kmol/h) and /i B (kmoI/h). 

Derive a series of formulas for h A and h B in terms of x A , x B , jc p , and m ? . Test them using the 
values in part (a). 

Write a spreadsheet that has column headings x A , x B , x P , m P , h A , and h B . The spreadsheet should 
calculate entries in the last two columns corresponding to data in the first four. In the first six 
data rows of the spreadsheet, do the calculations for x A = 0.10, x B = 0.50, and x P = 0.10,0.20, 
0.30, 0.40, 0.50, and 0.60, all for m P = 100 kg/h. Then in the next six rows repeat the calculations 
for the same values of x A , x B , and x ? for m P = 250 kg/h. Explain any of your results that appear 
strange or impossible. 

Enter the formulas of part (b) into an equation-solving program. Run the program to determine 
h A and h B for the 12 sets of input variable values given in part (c) and explain any physically 
impossible results. 

An artificial kidney is a device that removes water and waste metabolites from blood. In one such 
device, the hoilow fiber hemodialyzer, blood flows from an artery through the insides of a bundle 
of hollow cellulose acetate fibers, and dialyzing fluid, which consists of water and various dissolved 
salts, flows on the outside of the fibers. Water and waste metabolites — principally urea, creatinine, 
uric acid, and phosphate ions— pass through the fiber walls into the dialyzing fluid, and the purified 
blood is returned to a vein. 



(d) 



4.23. 



Blood _ 
from an 
artery 



f 



Dialyzing fluid 



Dialysate 



Purified 
blood to 
a vein 



At some time during a dialysis the arterial and venous blood conditions are as follows: 





Arterial (entering) 


Venous (exiting) 




Blood 


Blood 


Flow Rate 


200.0 mL/min 


195.0 mL/min 


Urea (H 2 NCONH 2 ) Concentration 


1.90mg/mL 


1.75 mg/mL 



(a) Calculate the rates at which urea and water are being removed from the blood. 

(b) If the dialyzing fluid enters at a rate of 1500 mL/min and the exiting solution (dialysate) ieaves 
at approximately the same rate, calculate the concentration of urea in the dialysate. 

(c) Suppose we want to reduce the patient's urea level from an initial value of 2.7 mg/mL to a final 
value of 1.1 mg/mL. If the total blood volume is 5.0 liters and the average rate of urea removal 
is that calculated in part (a), how long must the patient be dialyzed? (Neglect the loss in total 
blood volume due to the removal of water in the dialyzer.) 



•Computer problem. 
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4.24. 



4.25. 
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4.26. 



The indicator dilution method is a technique used to determine flow rates of fluids in channels for 
which devices like rotameters and orifice meters cannot be used (e.g., rivers, blood vessels, and large- 
diameter pipelines). A stream of an easily measured substance (the tracer) is injected into the chan- 
nel at a known rate and the tracer concentration is measured at a point far enough downstream of 
the injection point for the tracer to be completely mixed with the flowing fluid. The larger the flow 
rate of the fluid, the lower the tracer concentration at the measurement point. 

A gas stream that contains 1.50 mole% C0 2 flows through a pipeline. Twenty (20.0) kilograms 
of C0 2 per minute is injected into the line. A sample of the gas is drawn from a point in the line 150 
meters downstream of the injection point and found to contain 2.3 mole% C0 2 . 

(a) Estimate the gas flow rate (kmol/min) upstream of the injection point. 

(b) Eighteen seconds elapses from the instant the additional C0 2 is first injected to the time the 
C0 2 concentration at the measurement point begins to rise. Assuming that the tracer travels at 
the average velocity of the gas in the pipeline (i.e., neglecting diffusion of C0 2 ), estimate the 
average velocity (mis). If the molar gas density is 0.123 kmol/m 3 , what is the pipe diameter? 

A variation of the indicator dilution method (see preceding problem) is used to measure total blood 
volume. A known amount of a tracer is injected into the bloodstream and disperses uniformly 
throughout the circulatory system. A blood sample is then withdrawn, the tracer concentration in 
the sample is measured, and the measured concentration [which equals (tracer injected)/(total blood 
volume) if no tracer is lost through blood vessel walls] is used to determine the total blood volume. 

In one such experiment, 0.60 cm 3 of a solution containing 5.00 mg/L of a dye is injected into 
an artery of a grown man. About 10 minutes later, after the tracer has had time to distribute 
itself uniformly throughout the bloodstream, a blood sample is withdrawn and placed in the 
sample chamber of a spectrophotometer. A beam of light passes through the chamber, and 
the spectrophotometer measures the intensity of the transmitted beam and displays the value 
of the solution absorbance (a quantity that increases with the amount of light absorbed by the sam- 
ple). The value displayed is 0.18. A calibration curve of absorbance A versus tracer concentration 
C (micrograms dye/liter blood) is a straight line through the origin and the point (A = 0.9. C = 
3 ug/L). Estimate the patient's total blood volume from these data. 

Gas absorption or gas scrubbing is a commonly used method for removing environmentally undesir- 
able species from waste gases in chemical manufacturing and combustion processes. The waste gas 
is contacted with a liquid solvent in which the potential pollutants are highly soluble and the other 
species in the waste gas are relatively insoluble. Most of the pollutants go into solution and emerge 
with the liquid effluent from the scrubber, and the cleaned gas is discharged to the atmosphere. The 
liquid effluent may be discharged to a waste lagoon or subjected to further treatment to recover the 
solvent and/or to convert the pollutant to a species that can be released safely to the environment. 

A waste gas containing S0 2 (a precursor of acid rain) and several other species (collectively 
designated as A) is fed to a scrubbing tower where it contacts a solvent (B) that absorbs S0 2 . The 
solvent feed rate to the tower is 1000 L/min. The specific gravity of the solvent is 1.30. Absorption 
of A and evaporation of B in the scrubber may be neglected. 



Stream 3 



Stream 2 






Effluent gas [A(g), S0 2 (g)] 
y 3 (kmol S0 2 /kmol) 
Discharge to atmosphere 

Stream 4 




Feed solvent [B(D] 
1000 L/min 

Stream 1 






Effluent liquid [B(D, S0 2 (dissolved)] 
x t (kg S0 2 /kg) 

Discharge to waste lagoon or process further 



Waste gas [A(g), S0 2 (g)] 
><i(kmoi S0 2 /kmol) 



The gas in the scrubber rises through a series of trays (metal plates perforated with many small holes), 
and the solvent flows over the trays and through downcomers to the trays below. Gas bubbles emerge 
from the holes in each tray and rise through the covering liquid, and S0 2 diffuses out of the bubbles 
and into solution. 
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The volumetric flow rate of the feed gas is determined with an orifice meter, with a differential 
mercury manometer being used to measure the pressure drop across the orifice. Calibration data for 
this meter are tabulated here: 



h(mm) 


V(m 3 /min) 


100 


142 


200 


204 


300 


247 


400 


290 



The molar density of the feed gas may be determined from the formula 

/mol\ _ 12.2P(atm) 
P \literJ f(K) 

where P and T are the absolute pressure and temperature of the gas. An electrochemical detector 
is used to measure the S0 2 concentration in the inlet and outlet gas streams: S0 2 in the sampled 
gas is absorbed in a solution across which a fixed voltage is applied, and the mole fraction of S0 2 in 
the gas is determined from the resulting current. The calibration curve for the analyzer is a straight 
line on a semilog plot of y(mol S0 2 /mol total) versus R (analyzer reading), which passes through the 
following points: 



v (log scale) R (rectangular scale) 

0.00166 20 
0.1107 90 



(feed gas) 



The following data are taken: 

T = 75°F 
P = 150 psig 

//(orifice meter) = 210 mm 
/?(S0 2 analyzer) = 82.4 
fl(S0 2 analyzer) = 11.6 (outlet gas) 

(a) Draw and completely label a process flowchart. Include in the labeling the molar flow rates and 
S0 2 mole fractions of the gas streams and the mass flow rates and S0 2 mass fractions of the 
liquid streams. Show that the scrubber has zero degrees of freedom. 

(b) Determine (i) the orifice meter calibration formula by plotting V versus h on logarithmic axes 
and (ii) the S0 2 analyzer calibration formula. 

(c) Calculate (i) the mass fraction of S0 2 in the liquid effluent stream and (ii) the rate at which S0 2 
is removed from the feed gas (kg S0 2 /min). 

(d) The scrubber column trays commonly have diameters on the order of 1-5 meters and perforation 
holes on the order of 4-12 mm in diameter, leading to the formation of many tiny bubbles in the 
liquid on each tray. Speculate on the advantages of making the bubbles as small as possible. 

*4.27. The S0 2 scrubbing tower described in Problem 4.26 is to be used to reduce the S0 2 mole fraction 
in the waste gas to a level that meets air quality control regulations. The solvent feed rate must be 
large enough to keep the S0 2 mass fraction in the exit liquid below a specified maximum value, 
(a) Draw and label a flowchart of the tower. Along with the molar flow rates and S0 2 mole fractions 
of the four process streams, label the feed gas temperature and pressure [Ti(°F), A (psig)], the 
feed gas orifice meter reading [^(mm)], the SO : analyzer reading for the feed gas (R x ), the 
volumetric feed rate of solvent to the column [V 2 (m 3 /min)], and the S0 2 analyzer reading for 



♦Computer problem. It is advisable to solve Problem 4.26 before attempting this problem. 
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the exit gas (/? 3 ). (The temperature and pressure units are taken from the calibration curves for 
the gauges used to measure these variables.) 

(b) Derive a series of equations relating all of the labeled variables on the flowchart. The equations 
should include the calibration formulas calculated in part (b) of Problem 4.26. Determine the 
number of degrees of freedom for the process system. 

In the remainder of the problem, you will be given values of measured feed gas stream 
variables [^("F), Pi(psig), /ii(mm), and R x ], the maximum allowed S0 2 mole fraction in the 
exit solution [jc 4 ], and the specified SO2 mole fraction in the exit gas (y 3 ), and asked to calculate 
the expected S0 2 analyzer reading for the exit gas (R 3 ) and the minimum volumetric flow rate 
of solvent (V 2 ). Part (c) involves using a spreadsheet for the calculation, and part (d) calls for 
an independent calculation using an equation-solving program. 

(c) Create a spreadsheet to store input values of T x , P x , h x , R x , x 4 , and y 3 and to calculate R 3 and 
V 2 . In the first five rows, insert the values T x = 75, P x = 150, h x = 210, R x = 82.4, x 4 = 0.10, 
and y 3 = 0.05, 0.025, 0.01, 0.005, and 0.001. In the next five rows, insert the same input values 
except make x 4 = 0.02. On a single graph, draw plots of V 2 versus y 3 for each of the two given 
values of x 4 (preferably using the spreadsheet program to generate the graph). Briefly explain 
the shape of the curves and their position relative to each other. 

(d) Enter the equations of part (b) into an equation-solving program. Use the program to calculate 
Ri and V 2 corresponding to T\ = 75, Pi = 150, Ai = 210, R x = 82.4, x 4 = 0.10, and y 3 = 0.05, 
0.025, 0.01, 0.005, and 0.001, and then T y = 75, P x = 150, h x = 210, R x = 82.4, x 4 = 0.02, and 
y 3 = 0.05, 0.025, 0.01, 0.005, and 0.001. If you did not already do so in part (c), draw on a single 
graph plots of V 2 versus y 3 for each of the two given values of x 4 and briefly explain the shape 
of the curves and their position relative to each other. 

4.28. Following is a labeled flowchart for a steady-state two-unit process, with boundaries shown to denote 
subsystems about which balances can be taken. State the maximum number of balances that can 
be written for each subsystem and the order in which you would write balances to determine the 
unknown process variables. (See Example 4.4-1.) 



0.200 gA/g 
0.800 g B/g 



A/g) 




200 g C/s 



1 m 2 (g/s) 



'U-.^Hg B/g) 



J -t 2 (g A/g) 
v 2 (g B/g) 
• *z - ^Xg C/g) 



100 g A/s 



475 g/s 




■■> 0.012 gA/g 
0.558 g B/g 
0.430 g C/g 
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4.29. A liquid mixture containing 30.0 mole% benzene (B), 25.0% toluene (T), and the balance xylene 
(X) is fed to a distillation column. The bottoms product contains 98.0 mole% X and no B, and 96.0% 
of the X in the feed is recovered in this stream. The overhead product is fed to a second column. 
The overhead product from the second column contains 97.0% of the B in the feed to this column. 
The composition of this stream is 94.0 mole% B and the balance T. 

(a) Draw and label a flowchart of this process and do the degree-of-freedom analysis to prove that 
for an assumed basis of calculation, molar flow rates and compositions of all process streams 
can be calculated from the given information. Write in order the equations you would solve 
to calculate unknown process variables. In each equation (or pair of simultaneous equations), 
circle the variable(s) for which you would solve. Do not do the calculations. 

(b) Calculate (i) the percentage of the benzene in the process feed (i.e., the feed to the first column) 
that emerges in the overhead product from the second column and (ii) the percentage of toluene 
in the process feed that emerges in the bottom product from the second column. 

4.30. Seawater containing 3.50 wt% salt passes through a series of 10 evaporators. Roughly equal quan- 
tities of water are vaporized in each of the 10 units and then condensed and combined to obtain a 
product stream of fresh water. The brine leaving each evaporator but the tenth is fed to the next 
evaporator. The brine leaving the tenth evaporator contains 5.00 wt% salt. 
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4.31. 



(a) Draw a flowchart of the process showing the first, fourth, and tenth evaporators. Label all the 
streams entering and leaving these three evaporators. 

(b) Write in order the set of equations you would solve to determine the fractional yield of fresh 
water from the process (kg H 2 0 recovered/kg H 2 0 in process feed) and the weight percent of 
salt in the solution leaving the fourth evaporator. Each equation you write should contain no 
more than one previously undetermined variable. In each equation, circle the variable for which 
you would solve. Do not do the calculations. 

(c) Solve the equations derived in part (b) for the two specified quantities. 

An equimolar liquid mixture of benzene and toluene is separated into two product streams by dis- 
tillation. A process flowchart and a somewhat oversimplified description of what happens in the 
process follow: 



Vapor— 97% mole benzene 



Reflux 



Overhead product 



Feed 



100 mol 

0.500 mol B/mol 
0.500 mol T/mol 



fii(mol) «,(mol) 
CONDENSER 



DISTILLATION 
COLUMN 



Boilup 



;y B [mol B(v)/moll 



0 



Bottoms product 



REBOILER^ 1 ™ 1 B(l)/mol] 
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4.32. 



Inside the column a liquid stream flows downward and a vapor stream rises. At each point in the 
column some of the liquid vaporizes and some of the vapor condenses. The vapor leaving the top 
of the column, which contains 97 mole% benzene, is completely condensed and split into two equal 
fractions: one is taken off as the overhead product stream, and the other (the reflux) is recycled 
to the top of the column. The overhead product stream contains 89.2% of the benzene fed to the 
column. The liquid leaving the bottom of the column is fed to a partial reboiler in which 45% of it is 
vaporized. The vapor generated in the reboiler (the boilup) is recycled to become the rising vapor 
stream in the column, and the residual reboiler liquid is taken off as the bottom product stream. The 
compositions of the streams leaving the reboiler are governed by the relation 

W(l - >b) = 225 
W (1 - *b) 

where y B and x& are the mole fractions of benzene in the vapor and liquid streams, respectively. 

(a) Take a basis of 100 mol fed to the column. Draw and completely label a flowchart, and for each 
of four systems (overall process, column, condenser, and reboiler), do the degree-of-freedom 
analysis and identify a system with which the process analysis might appropriately begin (one 
with zero degrees of freedom). 

(b) Write in order the equations you would solve to determine all unknown variables on the 
flowchart, circling the variable for which you would solve in each equation. Do not do the 
calculations in this part. 

(c) Calculate the molar amounts of the overhead and bottoms products, the mole fraction of ben- 
zene in the bottoms product, and the percentage recovery of toluene in the bottoms product 
(100 X moles toluene in bottoms/mole toluene in feed). 

Fresh orange juice contains 12.0 wt% solids and the balance water, and concentrated orange juice 
contains 42.0 wt% solids. Initially a single evaporation process was used for the concentration, but 
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volatile constituents of the juice escaped with the water, leaving the concentrate with a flat taste. The 
current process overcomes this problem by bypassing the evaporator with a fraction of the fresh 
juice. The juice that enters the evaporator is concentrated to 58 wt% solids, and the evaporator 
product stream is mixed with the bypassed fresh juice to achieve the desired final concentration. 

(a) Draw and label a flowchart of this process, neglecting the vaporization of everything in the juice 
but water. First prove that the subsystem containing the point where the bypass stream splits 
off from the evaporator feed has one degree of freedom. (If you think it has zero degrees, try 
determining the unknown variables associated with this system.) Then perform the degree-of- 
freedom analysis for the overall system, the evaporator, and the bypass-evaporator product 
mixing point, and write in order the equations you would solve to determine all unknown stream 
variables. In each equation, circle the variable for which you would solve, but don't do any 
calculations. 

(b) Calculate the amount of product (42% concentrate) produced per 100 kg fresh juice fed to the 
process and the fraction of the feed that bypasses the evaporator. 

(c) Most of the volatile ingredients that provide the taste of the concentrate are contained in the 
fresh juice that bypasses the evaporator. You could get more of these ingredients in the final 
product by evaporating to (say) 90% solids instead of 58%; you could then bypass a greater 
fraction of the fresh juice and thereby obtain an even better tasting product. Suggest possible 
drawbacks to this proposal. 

433. A stream containing 5.15 wt% chromium, Cr, is contained in the wastewater from a metal finishing 
plant. The wastewater stream is fed to a treatment unit that removes 95% of the chromium in the 
feed and recycles it to the plant. The residual liquid stream leaving the treatment unit is sent to a 
waste lagoon. The treatment unit has a maximum capacity of 4500 kg wastewater/h. If wastewater 
leaves the finishing plant at a rate higher than the capacity of the treatment unit, the excess (anything 
above 4500 kg/h) bypasses the unit and combines with the residual liquid leaving the unit, and the 
combined stream goes to the waste lagoon. 







m 4 (kg Cr/h) [no water] 
95% of Cr in feed to unit 


Wastewater 








m^kg/h) 
0.0515 kg Cr/kg 


m 2 (kg/h) < 4500 kg/h 










m 5 (kg/h) 




m 3 (kg/h) 




To waste lagoon 



(a) Without assuming a basis of calculation, draw and label a flowchart of the process. 

(b) Wastewater leaves the finishing plant at a rate mi = 6000 kg/h. Calculate the flow rate of liquid 
to the waste lagoon, m 6 (kg/h), and the mass fraction of Cr in this liquid, ^(kg Cr/kg). 

(c) Calculate the flow rate of liquid to the waste lagoon and the mass fraction of Cr in this liquid for 
mi varying from 1000 kg/h to 10,000 kg/h in 1000 kg/h increments. Generate a plot of x 6 versus 
th\ . {Suggestion: Use a spreadsheet for these calculations.) 

(d) The company has hired you as a consultant to help them determine whether or not to add capac- 
ity to the treatment unit to increase the recovery of chromium. What would you need to know 
to make this determination? 

An evaporation-crystallization process of the type described in Example 4.5-2 is used to obtain solid 
potassium sulfate from an aqueous solution of this salt. The fresh feed to the process contains 19.6 
wt% K 2 S0 4 . The wet filter cake consists of solid K 2 S0 4 crystals and a 40.0 wt% K 2 S0 4 solution, in a 
ratio 10 kg crystals/kg solution. The filtrate, also a 40.0% solution, is recycled to join the fresh feed. 
Of the water fed to the evaporator, 45.0% is evaporated. The evaporator has a maximum capacity 
of 175 kg water evaporated/s. 
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4.36. 




(a) Assume the process is operating at maximum capacity. Draw and label a flowchart and do the 
degree-of-freedom analysis for the overall system, the recycle-fresh feed mixing point, the evap- 
orator, and the crystallizer. Then write in an efficient order (minimizing simultaneous equations) 
the equations you would solve to determine all unknown stream variables. In each equation, cir- 
cle the variable for which you would solve, but don't do the calculations. 

(b) Calculate the maximum production rate of solid K 2 S0 4 , the rate at which fresh feed must be 
supplied to achieve this production rate, and the ratio kg recycle/kg fresh feed. 

(c) Calculate the composition and feed rate of the stream entering the crystallizer if the process is 
scaled to 75% of its maximum capacity. 

(d) The wet filter cake is subjected to another operation after leaving the filter. Suggest what it might 
be. Also, list what you think the principal operating costs for this process might be. 

*(e) Use an equation-solving computer program to solve the equations derived in part (a). Verify 
that you get the same solutions determined in part (b). 

In an absorption tower (or absorber), a gas is contacted with a liquid under conditions such that one 
or more species in the gas dissolve in the liquid. A stripping tower (or stripper) also involves a gas 
contacting a liquid, but under conditions such that one or more components of the feed liquid come 
out of solution and exit in the gas leaving the tower. 

A process consisting of an absorption tower and a stripping tower is used to separate the com- 
ponents of a gas containing 30.0 mole% carbon dioxide and the balance methane. A stream of this 
gas is fed to the bottom of the absorber. A liquid containing 0.500 mole% dissolved C0 2 and the 
balance methanol is recycled from the bottom of the stripper and fed to the top of the absorber. 
The product gas leaving the top of the absorber contains 1.00 mole% C0 2 and essentially all of the 
methane fed to the unit. The C0 2 -rich liquid solvent leaving the bottom of the absorber is fed to the 
top of the stripper and a stream of nitrogen gas is fed to the bottom. Ninety percent of the C0 2 in 
the liquid feed to the stripper comes out of solution in the column, and the nitrogen/C0 2 stream 
leaving the column passes out to the atmosphere through a stack. The liquid stream leaving the 
stripping tower is the 0.500% C0 2 solution recycled to the absorber. 

The absorber operates at temperature T a and pressure P a and the stripper operates at 7* s and 
P s . Methanol may be assumed to be nonvolatile — that is, none enters the vapor phase in either 
column — and N 2 may be assumed insoluble in methanol. 

(a) In your own words, explain the overall objective of this two-unit process and the functions of. 
the absorber and stripper in the process. 

(b) The streams fed to the tops of each tower have something in common, as do the streams fed to 
the bottoms of each tower. What are these commonalities and what is the probable reason for 
them? 

(c) Taking a basis of 100 mol/h of gas fed to the absorber, draw and label a flowchart of the process. 
For the stripper outlet gas, label the component molar flow rates rather than the total flow rate 
and mole fractions. Do the degree-of-freedom analysis and write in order the equations you 
would solve to determine all unknown stream variables except the nitrogen flow rate entering 
and leaving the stripper. Circle the variable(s) for which you would solve each equation (or set 
of simultaneous equations), but don't do any of the calculations yet. 

(d) Calculate the fractional C0 2 removal in the absorber (moles absorbed/mole in gas feed) and 
the molar flow rate and composition of the liquid feed to the stripping tower. 

(e) Calculate the molar feed rate of gas to the absorber required to produce an absorber product 
gas flow rate of 1000 kg/h. 

(f) Would you guess that T s would be higher or lower than 7 a ? Explain. {Hint: Think about what 
happens when you heat a carbonated soft drink and what you want to happen in the stripper.) 
What about the relationship of P % to 

(g) What properties of methanol would you guess make it the solvent of choice for this process? 
(In more general terms, what would you look for when choosing a solvent for an absorption- 
stripping process to separate one gas from another?) 

In the production of a bean oil, beans containing 13.0 wt% oil and 87.0% solids are ground and fed 
to a stirred tank (the extractor) along with a recycled stream of liquid n-hexane. The feed ratio is 3 kg 
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hexane/kg beans. The ground beans are suspended in the liquid, and essentially all of the oil in the 
beans is extracted into the hexane. The extractor effluent passes to a filter. The filter cake contains 
75.0 wt% bean solids and the balance bean oil and hexane, the latter two in the same ratio in which 
they emerge from the extractor. The filter cake is discarded and the liquid nitrate is fed to a heated 
evaporator in which the hexane is vaporized and the oil remains as a liquid. The oil is stored in 
drums and shipped. The hexane vapor is subsequently cooled and condensed, and the liquid hexane 
condensate is recycled to the extractor. 



C 6 H U (I) 



EXTRACTOR 



Condenser 



C 6 H u (v) 



C 6 H 14 (I) 




FILTER 







EVAPORATOR 



Beans 



Filter cake 



Oil 
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(a) Draw and label a flowchart of the process, do the degree-of-freedom analysis, and write in an 
efficient order the equations you would solve to determine all unknown stream variables, circling 
the variables for which you would solve. 

(b) Calculate the yield of bean oil product (kg oil/kg beans fed), the required fresh hexane feed (kg 
C 6 H 14 /kg beans fed), and the recycle to fresh feed ratio (kg hexane recycled/kg fresh feed). 

(c) It has been suggested that a heat exchanger might be added to the process. This process unit 
would consist of a bundle of parallel metal tubes contained in an outer shell. The liquid filtrate 
would pass from the filter through the inside of the tubes and then go on to the evaporator. The 
hot hexane vapor on its way from the evaporator to the extractor would flow through the shell, 
passing over the outside of the tubes and heating the filtrate. How might the inclusion of this 
unit lead to a reduction in the operating cost of the process? 

(d) Suggest additional steps that might improve the process economics. 

4.37. Following is a diagram of the shirt-cleaning process used by the Floods of Suds One-Day Laundry 
Services, Inc. The shirts are soaked in an agitated tub containing Whizzo, the Wonder Detergent, 
and are then wrung out and sent to a rinse stage. The dirty Whizzo is sent to a filter in which most 
of the dirt is removed, and the cleaned detergent is recycled back to join a stream of pure Whizzo, 
with the combined stream serving as the feed to the washtub. 




Recycled Wh 



Data: 

1. Each 100 lb m of dirty shirts contains 2.0 lb m of dirt. 

2. The washing removes 95% of the dirt in the dirty shirts. 

3. For each 100 lb m of dirty shirts, 25 lb m of Whizzo leaves with the clean shirts, of which 22 lb m is 
wrung back into the tub. 

4. The detergent that enters the tub contains 97% Whizzo, and that which enters the filter contains 
87%. The wet dirt that leaves the filter contains 8.0% Whizzo. 



170 Chapter 4 Fundamentals of Material Balances 



9 

Equipment 
Encyclopedia 

filter, 
stripping 
column, 
extractor 



4.38. 



4.39. 



(a) How much pure Whizzo must be supplied per 100 lb m of dirty shirts? 

(b) What is the composition of the recycled stream? 

A drug (D) is produced in a three-stage extraction from the leaves of a tropical plant. About 1000 
kg of leaf is required to produce 1 kg of the drug. The extraction solvent (S) is a mixture containing 
16.5 wt% ethanol (E) and the balance water (W). The following process is carried out to extract the 
drug and recover the solvent. 

1. A mixing tank is charged with 3300 kg of S and 620 kg of leaf. The mixer contents are stirred 
for several hours, during which a portion of the drug contained in the leaf goes into solution. 
The contents of the mixer are then discharged through a filter. The liquid filtrate, which carries 
over roughly 1% of the leaf fed to the mixer, is pumped to a holding tank, and the solid cake 
(spent leaf and entrained liquid) is sent to a second mixer. The entrained liquid has the same 
composition as the filtrate and a mass equal to 15% of the mass of liquid charged to the mixer. 
The extracted drug has a negligible effect on the total mass and volume of the spent leaf and 
the filtrate. 

2. The second mixer is charged with the spent leaf from the first mixer and with the filtrate from 
the previous batch in the third mixer. The leaf is extracted for several more hours, and the 
contents of the mixer are then discharged to a second filter. The filtrate, which contains 1% of 
the leaf fed to the second mixer, is pumped to the same holding tank that received the filtrate 
from the first mixer, and the solid cake — spent leaf and entrained liquid — is sent to the third 
mixer. The entrained liquid mass is 15% of the mass of liquid charged to the second mixer. 

3. The third mixer is charged with the spent leaf from the second mixer and with 2720 kg of solvent 
S. The mixer contents are filtered; the nitrate, which contains 1% of the leaf fed to the third 
mixer, is recycled to the second mixer; and the solid cake is discarded. As before, the mass of 
the entrained liquid in the solid cake is 15% of the mass of liquid charged to the mixer. 

4. The contents of the filtrate holding tank are filtered to remove the carried-over spent leaf, 
and the wet cake is pressed to recover entrained liquid, which is combined with the filtrate. A 
negligible amount of liquid remains in the wet cake. The filtrate, which contains D, E, and W, 
is pumped to an extraction unit (another mixer). 

5. In the extraction unit, the alcohol-water-drug solution is contacted with another solvent (F), 
which is almost but not completely immiscible with ethanol and water. Essentially all of the 
drug (D) is extracted into the second solvent, from which it is eventually separated by a process ' 
of no concern in this problem. Some ethanol but no water is also contained in the extract. The 
solution from which the drug has been extracted (the raffinate) contains 13.0 wt% E, 1.5% F, 
and 85.5% W. It is fed to a stripping column for recovery of the ethanol. 

6. The feeds to the stripping column are the solution just described and steam. The two streams 
are fed in a ratio such that the overhead product stream from the column contains 20.0 wt% E 
and 2.6% F, and the bottom product stream contains 1.3 wt% E and the balance W. 

Draw and label a flowchart of the process, taking as a basis one batch of leaf processed. Then calcu- 
late 

(a) the masses of the components of the filtrate holding tank. 

(b) the masses of the components D and E in the extract stream leaving the extraction unit. 

(c) the mass of steam fed to the stripping column, and the masses of the column overhead and 
bottoms products. 

Acetylene is hydrogenated to form ethane. The feed to the reactor contains 1.50 mol H 2 /mol C 2 H 2 . 

(a) Calculate the stoichiometric reactant ratio (mol H 2 react/mol C 2 H 2 react) and the yield ratio 
(kmol C 2 H 6 formed/kmol H 2 react). 

(b) Determine the limiting reactant and calculate the percentage by which the other reactant is in 
excess. 

(c) Calculate the mass feed rate of hydrogen (kg/s) required to produce 4 X 10 6 metric tons of ethane 
per year, assuming that the reaction goes to completion and that the process operates for 24 
hours a day, 300 days a year. 

(d) There is a definite drawback to running with one reactant in excess rather than feeding the 
reactants in stoichiometric proportion. What is it? [Hint: In the process of part (c), what does 
the reactor effluent consist of and what will probably have to be done before the product ethane 
can be sold or used?] 
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4.40. Ammonia is burned to form nitric oxide in the following reaction: 

4NH 3 + 50 2 — » 4NO + 6H 2 0 

(a) Calculate the ratio (lb-mole 0 2 react/lb-mole NO formed). 

(b) If ammonia is fed to a continuous reactor at a rate of 100.0 kmol NH 3 /h, what oxygen feed rate 
(kmol/h) would correspond to 40.0% excess 0 2 ? 

(c) If 50.0 kg of ammonia and 100.0 kg of oxygen are fed to a batch reactor, determine the limiting 
reactant, the percentage by which the other reactant is in excess, and the extent of reaction (mol) 
and mass of NO produced (kg) if the reaction proceeds to completion. 

4.41. A stream containing H 2 S and inert gases and a second stream of pure S0 2 are fed to a sulfur recovery 
reactor, where the reaction 

2H 2 S + S0 2 — * 3S + 2H 2 0 

takes place. The feed rates are adjusted so that the ratio of H 2 S to S0 2 in the combined feed is always 
stoichiometric. 

In the normal operation of the reactor the flow rate and composition of the H 2 S feed stream 
both fluctuate. In the past, each time either variable changed the required S0 2 feed rate had to be 
reset by adjusting a valve in the feed line. A control system has been installed to automate this pro- 
cess. The H 2 S feed stream passes through an electronic flowmeter that transmits a signal R { directly 
proportional to the molar flow rate of the stream, h ( . When h { = 100 kmol/h, the transmitted sig- 
nal R { = 15 mV. The mole fraction of H 2 S in this stream is measured with a thermal conductivity 
detector, which transmits a signal R a . Analyzer calibration data are as follows: 



Ra(mV) 


0 


25.4 


42.8 


58.0 


71.9 


85.1 


x(mol H 2 S/mol) 


0.00 


0.20 


0.40 


0.60 


0.80 


1.00 



The controller takes as input the transmitted values of R ( and R 3 and calculates and transmits a volt- 
age signal R c to a flow control valve in the S0 2 line, which opens and closes to an extent dependent 
on the value of R c . A plot of the S0 2 flow rate, h c , versus R c on rectangular coordinates is a straight 
line through the points (R c = 10.0 mV, h c = 25.0 kmol/h) and (R c = 25.0 mV, h c = 60.0 kmol/h). 

Material 

flow 

— ^Electronic Computer 

signal Rc 




Feed to 
reactor 



Flowmeter Analyzer BLENDER 

(a) Why would it be important to feed the reactants in stoichiometric proportion? (Hint: S0 2 and 
especially H 2 S are serious pollutants.) What are several likely reasons for wanting to automate 
the S0 2 feed rate adjustment? 

(b) If the first stream contains 85.0 mole% H 2 S and enters the unit at a rate of h( = 3.00 X 10 2 
kmol/h, what must the value of n c (kmol S0 2 /h) be? 

(c) Fit a function to the H 2 S analyzer calibration data to derive an expression for x as a function of 
R 3 . Check the fit by plotting both the function and the calibration data on the same graph. 

(d) Derive a formula for R c from specified values of R ( and # a , using the result of part (c) in the 
derivation. (This formula would be built into the controller.) Test the formula using the flow 
rate and composition data of part (a). 

(e) The system has been installed and made operational, and at some point the concentration of 
H 2 S in the feed stream suddenly changes. A sample of the blended gas is collected and analyzed 
a short time later and the mole ratio of H 2 S to S0 2 is not the required 2:1. List as many possible 
reasons as you can think of for this apparent failure of the control system. 



so 2 

Control valve 
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4.42. The reaction between ethylene and hydrogen bromide to form ethyl bromide is carried out in a 
continuous reactor. The product stream is analyzed and found to contain 51.7 mole% C 2 H 5 Br and 
17.3% HBr. The feed to the reactor contains only ethylene and hydrogen bromide. Calculate the 
fractional conversion of the limiting reactant and the percentage by which the other reactant is in 
excess. If the molar flow rate of the feed stream is 165 mol/s, what is the extent of reaction? (Give 
its numerical value and its units.) 

4.43. In the Deacon process for the manufacture of chlorine, HC1 and 0 2 react to form Cl 2 and H 2 0. Suffi- 
cient air (21 mole% 0 2 , 79% N 2 ) is fed to provide 35% excess oxygen and the fractional conversion 
ofHClis85%. 

(a) Calculate the mole fractions of the product stream components, using atomic species balances 
in your calculation. 

(b) Again calculate the mole fractions of the product stream components, only this time use the 
extent of reaction in the calculation. 

(c) An alternative to using air as the oxygen source would be to feed pure oxygen to the reactor. 
Running with oxygen imposes a significant extra process cost relative to running with air, but 
also offers the potential for considerable savings. Speculate on what the cost and savings might 
be. What would determine which way the process should be run? 

4.44. Titanium dioxide (Ti0 2 ) is used extensively as a white pigment. It is produced from an ore that con- 
tains ilmenite (FeTi0 3 ) and ferric oxide (Fe 2 0 3 ). The ore is digested with an aqueous sulfuric acid 
solution to produce an aqueous solution of titanyl sulfate [(TiO)S0 4 ] and ferrous sulfate (FeS0 4 ). 
Water is added to hydrolyze the titanyl sulfate to H 2 Ti0 3 , which precipitates, and H 2 S0 4 . The pre- 
cipitate is then roasted, driving off water and leaving a residue of pure titanium dioxide. (Several 
steps to remove iron from the intermediate solutions as iron sulfate have been omitted from this 
description.) 

Suppose an ore containing 24.3% Ti by mass is digested with an 80% H 2 S0 4 solution, supplied 
in 50% excess of the amount needed to convert all the ilmenite to titanyl sulfate and all the ferric 
oxide to ferric sulfate [Fe 2 (S0 4 ) 3 ]. Further suppose that 89% of the ilmenite actually decomposes. 
Calculate the masses (kg) of ore and 80% sulfuric acid solution that must be fed to produce 1000 kg 
of pure Ti0 2 . 

4.45. Coal containing 5.0 wt% S is burned at a rate of 1250 lb m /min in a boiler furnace. All of the sulfur in 
the coal is oxidized to S0 2 . The product gas is sent to a scrubber in which most of the S0 2 is removed," 
and the scrubbed gas then passes out of a stack. An Environmental Protection Agency regulation 
requires that the gas in the stack must contain no more than 0.018 lb ra S0 2 /lb m coal burned. To test 
compliance with this regulation a flowmeter and an S0 2 analyzer are mounted in the stack. The 
volumetric flow rate of the scrubbed gas is found to be 2867 ft 3 /s, and the S0 2 analyzer reading is 
37. Calibration data for the analyzer are given in the table below. 

S0 2 Analyzer Calibration Data 



C(g S0 2 /m 3 gas) Reading (0-100 scale) 



0.30 


10 


0.85 


28 


2.67 


48 


7.31 


65 


18.2 


81 


30.0 


90 



(a) Determine the equation that relates S0 2 concentration in lb m /ft 3 to the analyzer reading. 

(b) Is the process in compliance with the EPA regulation? 

(c) What percentage of the S0 2 produced in the furnace is removed in the scrubber? 

(d) An earlier EPA regulation set a limit on the mole fraction of S0 2 in the gas emerging from the 
stack (as opposed to the quantity of S0 2 emitted per mass of coal burned), but a way was found 
to release large quantities of S0 2 from stacks without violating this regulation. Speculate on 
what the method of getting around the old regulation was. (Hint: It involved feeding a second 
stream to the base of the stack.) Explain why this method no longer worked when the new 
regulation was imposed. 
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4,46. The gas-phase reaction between methanol and acetic acid to form methyl acetate and water 

CH3OH + CH3COOH - CH3COOCH3 + H 2 0 
(A) (B) (C) (D) 

takes place in a batch reactor and proceeds to equilibrium. When the reaction mixture comes to 
equilibrium, the mole fractions of the four reactive species satisfy the relation 

MR = 4.87 

(a) Suppose the feed to the reactor consists of n A0 , n B0 , n co , n D0 , and n w gram-moles of A, B, C, 
D, and an inert gas, I, respectively. Let £(mol) be the extent of reaction. Write expressions for 
the gram-moles of each reactive species in the final product, /j a (£), «b(£), "c(£ ). and n D (£). 
Then use these expressions and the given equilibrium relation to derive an equation for the 
equilibrium extent of reaction, in terms of n A0 , n I0 . (see Example 4.6-2.) 

(b) If the feed to the reactor contains equimolar quantities of methanol and acetic acid and no other 
species calculate the equilibrium fractional conversion. 

(c) It is desired to produce 70 mol of methyl acetate starting with 80 mol of acetic acid. If the reaction 
proceeds to equilibrium, how much methanol must be fed? What is the composition of the final 

(d) Ifyou^wanted to carry out the process of part (b) or (c) commercially, what would you need 
to know besides the equilibrium composition to determine whether the process would be prof- 
itable? (List several things.) 

4.47. At low to moderate pressures, the equilibrium state of the water-gas shift reaction 

CO + H 2 0 — C0 2 + H 2 
is approximately described by the relation 

- Vco '- yH * = K e (T) = 0.0247 exp[4020/r(JO] 

yco yn 2 o 

where T is the reactor temperature, K e is the reaction equilibrium constant, and y, is the mole fraction 
of species i in the reactor contents at equilibrium. 

The feed to a batch shift reactor contains 20.0 mole% CO, 10.0% C0 2) 40.0% water, and the 
balance an inert gas. The reactor is maintained at T = 1123 K. 

(a) Assume a basis of 1 mol feed and draw and label a flowchart. Carry out a degree-of-freedom 
analysis of the reactor based on extents of reaction and use it to prove that you have enough 
information to calculate the composition of the reaction mixture at equilibrium. Do no calcula- 

(b) Calculate the total moles of gas in the reactor at equilibrium (if it takes you more than 5 seconds 
you're missing the point) and then the equilibrium mole fraction of hydrogen in the product. 
(Suggestion: Begin by writing expressions for the moles of each species in the product gas in 
terms of the extent of reaction, and then write expressions for the species mole fractions.) 

(c) Suppose a gas sample is drawn from the reactor and analyzed shortly after startup and the mole 
fraction of hydrogen is significantly different from the calculated value. Assuming that no cal- 
culation mistakes or measurement errors have been made, what is a likely explanation for the 
discrepancy between the calculated and measured hydrogen yields? 

*(d) Write a spreadsheet to take as input the reactor temperature and the feed component mole 
fractions x co , *h 2 o, and x C o 2 (assume no hydrogen is fed) and to calculate the mole fraction 1 y Hz 
in the product gas when equilibrium is reached. The spreadsheet column headings should be 

T x(C0) x(H20) x(C02) Ke ••• y(H2) 
Columns between Ke and y(H2) may contain intermediate quantities in the calculation of y Hr 
First test your program for the conditions of part (a) and verify that it is correct. Then try a 
variety of values of the input variables and draw conclusions about the conditions (reactor tem- 
perature and feed composition) that maximize the equilibrium yield of hydrogen. 



♦Computer problem. 



174 Chapter 4 Fundamentals of Material Balances 



4.48. Methanol is formed from carbon monoxide and hydrogen in the gas-phase reaction 

CO + 2H 2 — CH 3 OH 
(A) (B) (C) 
The mole fractions of the reactive species at equilibrium satisfy the relation 

1 



yc 



4.49, 



where P is the total pressure (atm), K e the reaction equilibrium constant (atm -2 ), and T the temper- 
ature (K). The equilibrium constant K e equals 10.5 at 373 K, and 2.316 X 10" 4 at 573 K. A semilog plot 
of K e (logarithmic scale) versus 1/ T (rectangular scale) is approximately linear between T = 300 K 
and T = 600 K. 

(a) Derive a formula for K e (T), and use it to show that /s: e (450K) = 0.0548 atm -2 . 

(b) Write expressions for n A ,n B , and n c (gram-moles of each species), and then y A , y B , and y c , in 
terms of « A0 , /i B0 , "co, and £, the molar extent of reaction. Then derive an equation involving 
only n A0 , n B0 , «co, P, T, and where £. (mol) is the value of the extent of reaction at equilibrium. 

(c) Suppose you begin with equimolar quantities of CO and H 2 and no CH 3 OH, and the reaction 
proceeds to equilibrium at 423 K and 2.00 atm. Calculate the molar composition of the product 
(>"a, >"b, and y c ) and the fractional conversion of CO. 

*(d) Write a set of equations for y A , y B , yc, and / A (the fractional conversion of CO) in terms of y A0 , 
y B o, T, and P (the reactor temperature and pressure at equilibrium). Enter the equations in an 
equation-solving program. Check the program by running it for the conditions of part (c), then 
use it to determine the effects on f A (increase, decrease, or no effect) of separately increasing 
(i) the fraction of CO in the feed, (ii) the fraction of CH 3 OH in the feed, (iii) temperature, and 
(iv) pressure. 

*(e) Write a computer program to take as input y A0 , y B0 , T, and P (the reactor temperature and pres- 
sure at equilibrium) and to calculate and print out y A , y B , y c , and / A (the fractional conversion 
of CO). Test your program with the data of part (c). [Suggestion: Write the equilibrium relations 
derived in part (b) as a cubic equation in & and use Newton's rule— Appendix A.2— to obtain 
the solution.] 

Methane and oxygen react in the presence of a catalyst to form formaldehyde. In a parallel reaction, 
methane is oxidized to carbon dioxide and water: 




Student 
Workbook 



CH 4 + 0 2 
CH 4 + 2 0 2 



• HCHO + H 2 0 
C0 2 + 2 H,0 



The feed to the reactor contains equimolar amounts of methane and oxygen. Assume a basis of 100 
mol feed/s. 

(a) Draw and label a flowchart. Use a degree-of-freedom analysis based on extents of reaction to 
determine how many process variable values must be specified for the remaining variable values 
to be calculated. 

(b) Use Equation 4.6-6 to derive expressions for the product stream component flow rates in terms 
of the two extents of reaction, £ and £ 2 . 

(c) The fractional conversion of methane is 0.900 and the fractional yield of formaldehyde is 0.855. 
Calculate the molar composition of the reactor output stream and the selectivity of formalde- 
hyde production relative to carbon dioxide production. 

Ethane is chlorinated in a continuous reactor: 

C 2 H 6 + Cl 2 — * C 2 H 5 C1 + HC1 

Some of the product monochloroethane is further chlorinated in an undesired side reaction: 

C 2 H 5 C1 + Cl 2 — * QH 4 C1 2 + HC1 

(a) Suppose your principal objective is to maximize the selectivity of monochloroethane production 
relative to dichloroe thane production. Would you design the reactor for a high or low conversion 
of ethane? Explain your answer. {Hint: If the reactor contents remained in the reactor long 



♦Computer problem. 
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enough for most of the ethane in the feed to be consumed, what would the main product con- 
stituent probably be?) What additional processing steps would almost certainly be carried out 
to make the process economically sound? 

(b) Take a basis of 100 mol C 2 H 5 C1 produced. Assume that the feed contains only ethane and chlo- 
rine and that all of the chlorine is consumed and carry out a degree-of-freedom analysis based 
on atomic species balances. 

(c) The reactor is designed to yield a 15% conversion of ethane and a selectivity of 14 mol 
C 2 H 5 Cl/mol C 2 H 4 C1 2 , with a negligible amount of chlorine in the product gas. Calculate the 
feed ratio (mol Cl 2 /mol C 2 H 6 ) and the fractional yield of monochloroethane. 

(d) Suppose the reactor is built and started up and the conversion is only 14%. Chromatographic 
analysis shows that there is no Cl 2 in the product but another species with a molecular weight 
higher than that of dichloroethane is present. Offer a likely explanation for these results. 

4.51. Ethanol is produced commercially by the hydration of ethylene: 

C 2 H 4 + H 2 0 — * C 2 H 5 OH 

Some of the product is converted to diethyl ether in the side reaction 

2 C 2 H 5 OH — * (C 2 H 5 ) 2 0 + H 2 0 

The feed to the reactor contains ethylene, steam, and an inert gas. A sample of the reactor effluent 
gas is analyzed and found to contain 43.3 mole% ethylene, 2.5% ethanol, 0.14% ether, 9.3% inerts, 
and the balance water. 

(a) Take as a basis 100 mol of effluent gas, draw and label a flowchart, and do a degree-of-freedom 
analysis based on atomic species to prove that the system has zero degrees of freedom. 7 

(b) Calculate the molar composition of the reactor feed, the percentage conversion of ethylene, the 
fractional yield of ethanol, and the selectivity of ethanol production relative to ether production. 

(c) The percentage conversion of ethylene you calculated should be very low. Why do you think the 
reactor would be designed to consume so little of the reactant? (Hint: If the reaction mixture 
remained in the reactor long enough to use up most of the ethylene, what would the main product 
constituent probably be?) What additional processing steps are likely to take place downstream 
from the reactor? 

4.52. Solid calcium fluoride (CaF 2 ) reacts with sulfuric acid to form solid calcium sulfate and gaseous 
hydrogen fluoride. The HF is then dissolved in water to form hydrofluoric acid. A source of calcium 
fluoride is fluorite ore containing 96.0 wt% CaF 2 and 4.0% Si0 2 . 

In a typical hydrofluoric acid manufacturing process, fluorite ore is reacted with 93 wt% aqueous 
sulfuric acid, supplied 15% in excess of the stoichiometric amount. Ninety-five percent of the ore 
dissolves in the acid. Some of the HF formed reacts with the dissolved silica in the reaction 

6 HF + Si0 2 (aq) — H 2 SiF 6 (s) + 2 H 2 0(1) 

The hydrogen fluoride exiting from the reactor is subsequently dissolved in enough water to produce 
60.0 wt% hydrofluoric acid. Calculate the quantity of fluorite ore needed to produce a metric ton of 
acid. Note: Some of the given data are not needed to solve the problem. 

4.53. Chlorobenzene (C 6 H 5 C1), an important solvent and intermediate in the production of many other 
chemicals, is produced by bubbling chlorine gas through liquid benzene in the presence of ferric chlo- 
ride catalyst. In an undesired side reaction, the product is further chlorinated to dichlorobenzene, 
and in a third reaction the dichlorobenzene is chlorinated to trichlorobenzene. 

The feed to a chlorination reactor consists of essentially pure benzene and a technical grade of 
chlorine gas (98 wt% Cl 2 , the balance gaseous impurities with an average molecular weight of 25.0). 
The liquid output from the reactor contains 65.0 wt% C 6 H 6 , 32.0 wt% C 6 H 5 C1, 2.5 wt% Q^C^, 
and 0.5 wt% C 6 H 3 C1 3 . The gaseous output contains only HC1 and the impurities that entered with 
the chlorine. 

(a) You wish to determine (i) the percentage by which benzene is fed in excess, (ii) the fractional 
conversion of benzene, (iii) the fractional yield of monochlorobenzene, and (iv) the mass ratio 



7 Your first attempt is likely to yield D.F. = -1, meaning that either (i) you counted one too many independent 
balances, (ii) you forgot to label one unknown variable, or (iii) the problem statement contains one redundant— 
and possibly inconsistent— process variable specification. Prove that (i) is actually the case. (Review the defini- 
tion of independent balances in Section 4.7b.) 
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of the gas feed to the liquid feed. Without doing any calculations, prove that you have enough 
information about the process to determine these quantities. 

(b) Perform the calculations. 

(c) Why would benzene be fed in excess and the fractional conversion kept low? 

(d) What might be done with the gaseous effluent? 

(e) It is possible to use 99.9% pure ("reagent-grade") chlorine instead of the technical grade actually 
used in the process. Why is this probably not done? Under what conditions might extremely pure 
reactants be called for in a commercial process? (Hint: Think about possible problems associated 
with the impurities in technical grade chemicals.) 

*4.54. The following two reactions take place in a gas-phase reactor: 

2 C0 2 — 2CO + 0 2 
(A) (B) (C) 
0 2 + N 2 ^ 2NO 
(C) (D) (E) 

If the system comes to equilibrium at 3000 K and 1 atm, the product gas mole fractions satisfy the 
relations 

2 2 

?~ = 0.1071 = 0.01493 

v a ycyu 

(a) Let n M , . . . , n E0 be the initial number of gram-moles of each species and £ el and £ e2 be the extents 
of reactions 1 and 2, respectively, at equilibrium (see Equation 4.6-6). Derive expressions for 
the mole fractions y A , y B , . . . , y E in terms of n A0 , n m , n E0 ,&u and & 2 . Then substitute in the 
equilibrium relations to derive two simultaneous equations for the two extents of reaction. 

(b) One-third of a gram-mole each of C0 2 , 0 2 , and N 2 are charged into a batch reactor and the 
reactor contents equilibrate at 3000 K and 1 atm. Without doing any calculations, prove that 
you have enough information to calculate the component mole fractions of the reactor contents 
at equilibrium. 

(c) Perform the calculation of part (b), using either (i) an equation -solving program or (ii) a spread- 
sheet that implements the Newton-Raphson method outlined in Section A.2i of Appendix A. If 
you use the spreadsheet, guess initial values of 0.1 for both f el aad & 2 and iterate until successive 
estimates of these values differ by less than 0.1%. 

(d) Write a computer program to implement the Newton-Raphson procedure of part (c) for an 
arbitrary starting composition. The program should take input values of n A0 , n B0 , n CQ , n D0 , and 
n E o and calculate the total moles and mole fractions of each species at equilibrium, stopping 
when the values of £ el and &2 each change by less than 0.001% from one iteration to the next. 
Run the program for the following feed mixtures: 



"AO 


"B0 


"CO 


"DO 


"E0 


1/3 


0 


1/3 


1/3 


0 


0 


1/3 


1/3 


1/3 


0 


1/2 


0 


0 


0 


1/2 


1/5 


1/5 


1/5 


1/5 


1/5 



L55. A mixture (A) in a continuous pharmaceutical manufacturing process contains up to 10 wt% of an 
ingredient R [mass fraction ^(g R/g A)]. The mixture is subjected to a reaction step in which the 
conversion of R is 99%. The final product (P) must contain 0.75 wt% R. To achieve this goal, a 
fraction /of the A fed to the process bypasses the reactor and combines with the product stream 
leaving the reactor to produce P. A second feed stream (B), which contains no R, enters the reactor 
along with the A not bypassed. The mass flow rates of A and B entering the reactor (not the process) 
are equal. 
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(B) 

m B0 (kg B/h) 

1 kg B/kg A fed to reactor 



(A) 



(P) 



m A0 (kg A/h) 
.r RA (kg R/kgA) 



m P (kg P/h) 
0.0075 kg R/kg P 



(a) Without taking a basis of calculation, draw and label a flowchart. Then list the equations you 
are allowed to write for the stream splitting and mixing points and the reactor, and prove that 
the process has two degrees of freedom. (Be careful when counting allowable balances on the 
pre-reactor stream splitting point.) 

(b) Suppose the production rate of the final product, m P , and the mass fraction of R in the process 
feed, x RA , are known. Write a set of equations that may be solved for the rates, w A0 (kg/h) and 
m B o(kg/h), at which A and B must be fed to the process (not the reactor), and for the fraction of 
the process feed, /(kg bypass/kg fresh feed), that must be bypassed to achieve the desired mass 
fraction of R in the final product (0.0075 kg R/kg P). Do not perform any numerical calculations. 

(c) Suppose m P = 4850 kg P/h and x RA = 0.0500 kg R/kg A. Calculate m A0 , m B0 , and /. 

*(d) The desired production rate (m v ) and the mass fraction of R in the feed (x RA ) both vary from 
day to day. Use an E-Z Solve parameter sweep to to generate a plot of / versus x RA for w P 
= 4850 kg/h and jtra varying between 0.02 and 0.10. Prove that you would get the same curve 
regardless of the value of 

4.56. A catalytic reactor is used to produce formaldehyde from methanol in the reaction 

CH 3 OH — * HCHO + H 2 

A single-pass conversion of 60.0% is achieved in the reactor. The methanol in the reactor product is 
separated from the formaldehyde and hydrogen in a multiple-unit process. The production rate of 
formaldehyde is 900.0 kg/h. 

(a) Calculate the required feed rate of methanol to the process (kmol/h) if there is no recycle. 

(b) Suppose the recovered methanol is recycled to the reactor and the single-pass conversion re- 
mains 60%. Without doing any calculations, prove that you have enough information to de- 
termine the required fresh feed rate of methanol (kmol/h) and the rates (kmol/h) at which 
methanol enters and leaves the reactor. Then perform the calculations. 

(c) The single-pass conversion in the reactor, X sp , affects the costs of the reactor (C r ) and the separa- 
tion process and recycle line (C s ). What effect would you expect an increased X sp would have on 
each of these costs for a fixed formaldehyde production rate? (Hint: To get a 100% single-pass 
conversion you would need an infinitely large reactor, and lowering the single-pass conversion 
leads to a need to process greater amounts of fluid through both process units and the recycle 
line.) What would you expect a plot of (C r + C s ) versus X S p to look like? What does the design 
specification X sp = 60% probably represent? 

4.57. Methanol is produced by reacting carbon monoxide and hydrogen. A fresh feed stream contain- 
ing CO and H2 joins a recycle stream and the combined stream is fed to a reactor. The reactor 
outlet stream flows at a rate of 350 mol/min and contains 10.6 wt% H 2 , 64.0 wt% CO, and 25.4 
wt% CH3OH. (Notice that those are percentages by mass, not mole percents.) This stream enters a 
cooler in which most of the methanol is condensed. The liquid methanol condensate is withdrawn 
as a product, and the gas stream leaving the condenser — which contains CO, H 2 , and 0.40 mole% 
uncondensed CH 3 OH vapor — is the recycle stream that combines with the fresh feed. 

(a) Without doing any calculations, prove that you have enough information to determine (i) the 
molar flow rates of CO and H 2 in the fresh feed, (ii) the production rate of liquid methanol, and 
(iii) the single-pass and overall conversions of carbon monoxide. Then perform the calculations. 
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(b) After several months of operation, the flow rate of liquid methanol leaving the condenser begins 
to decrease. List at least three possible explanations of this behavior and state how you might 
check the validity of each one. (What would you measure and what would you expect to find if 
the explanation is valid?) 

4.58. Methane reacts with chlorine to produce methyl chloride and hydrogen chloride. Once formed, the 
methyl chloride may undergo further chlorination to form methylene chloride (CH 2 C1 2 ), chloro- 
form, and carbon tetrachloride. 

A methyl chloride production process consists of a reactor, a condenser, a distillation column, 
and an absorption column. A gas stream containing 80.0 mole% methane and the balance chlorine is 
fed to the reactor. In the reactor a single-pass chlorine conversion of essentially 100% is attained, the 
mole ratio of methyl chloride to methylene chloride in the product is 5:1, and negligible amounts 
of chloroform and carbon tetrachloride are formed. The product stream flows to the condenser. 
Two streams emerge from the condenser: the liquid condensate, which contains essentially all of the 
methyl chloride and methylene chloride in the reactor effluent, and a gas containing the methane 
and hydrogen chloride. The condensate goes to the distillation column in which the two component 
species are separated. The gas leaving the condenser flows to the absorption column where it contacts 
an aqueous solution. The solution absorbs essentially all of the HC1 and none of the CH 4 in the feed. 
The liquid leaving the absorber is pumped elsewhere in the plant for further processing, and the 
methane is recycled to join the fresh feed to the process (a mixture of methane and chlorine). The 
combined stream is the feed to the reactor. 

(a) Choose a quantity of the reactor feed as a basis of calculation, draw and label a flowchart, and 
determine the degrees of freedom for the overall process and each j ingle unit and stream mixing 
point. Then write in order the equations you would use to calculate the molar flow rate and molar 
compositioa of the fresh feed, the rate at which HC1 must be remove d in the absorber, the methyl 
chloride production rate, and the molar flow rate of the recycle stream. Do no calculations. 

(b) Calculate the quantities specified in part (a), either manually or with an equation-solving pro- 
gram. 

(c) What molar flow rates and compositions of the fresh feed and the recycle stream are required 
to achieve a methyl chloride production rate of 1000 kg/h? 

4.59. Ethylene oxide is produced by the catalytic oxidation of ethylene: 

2C 2 H 4 + 0 2 — * 2C 2 H 4 0 

An undesired competing reaction is the combustion of ethylene: 

QHU + 30 2 — ► 2C0 2 + 2H 2 0 

The feed to the reactor (not the fresh feed to the process) contains 3 moles of ethylene per mole 
of oxygen. The single-pass conversion of ethylene is 20%, and for every 100 moles of ethylene con- 
sumed in the reactor, 90 moles of ethylene oxide emerges in the reactor products. A multiple-unit 
process is used to separate the products: ethylene and oxygen are recycled to the reactor, ethylene 
oxide is sold as a product, and carbon dioxide and water are discarded. 

(a) Assume a quantity of the reactor feed stream as a basis of calculation, draw and label the 
flowchart, perform a degree-of-freedom analysis, and write the equations you would use to cal- 
culate (i) the molar flow rates of ethylene and oxygen in the fresh feed, (ii) the production rate 
of ethylene oxide, and (iii) the overall conversion of ethylene. Do no calculations. 

(b) Calculate the quantities specified in part (a), either manually or with an equation-solving pro- 
gram. 

(c) Calculate the molar flow rates of ethylene and oxygen in the fresh feed needed to produce 1 ton 
per hour of ethylene oxide. 

Methanol is synthesized from carbon monoxide and hydrogen in a catalytic reactor. The fresh feed 
to the process contains 32.0 mole% CO, 64.0% H 2 , and 4.0% N 2 . This stream is mixed with a recycle 
stream in a ratio 5 mol recycle/1 mol fresh feed to produce the feed to the reactor, which contains 
13.0 mole% N 2 . A low single-pass conversion is attained in the reactor. The reactor effluent goes 
to a condenser from which two streams emerge: a liquid product stream containing essentially all 
the methanol formed in the reactor, and a gas stream containing all the CO, H 2 , and N 2 leaving the 
reactor. The gas stream is split into two fractions: one is removed from the process as a purge stream, 
and the other is the recycle stream that combines with the fresh feed to the reactor. 
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(a) For a basis of 100 mol fresh feed/h, calculate the production rate of methanol (mol/h), the molar 
flow rate and composition of the purge gas, and the overall and single-pass conversions. 

(b) Briefly explain in your own words the reasons for including (i) the recycle stream and (11) the 
purge stream in the process design. 

4.61. The fresh feed to an ammonia production process contains nitrogen and hydrogen in stoichiometric 
proportion, along with an inert gas (I). The feed is combined with a recycle stream containing the 
same three' species, and the combined stream is fed to a reactor in which a low single-pass conver- 
sion of nitrogen is achieved. The reactor effluent flows to a condenser. A liquid stream containing 
essentially all of the ammonia formed in the reactor and a gas stream containing all the inerts and 
the unreacted nitrogen and hydrogen leave the condenser. The gas stream is split into two fractions 
with the same composition: one is removed from the process as a purge stream, and the other is the 
recycle stream combined with the fresh feed. In every stream containing nitrogen and hydrogen, the 
two species are in stoichiometric proportion. 
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(a) Let jcio be the mole fraction of inerts in the fresh feed, / sp the single-pass conversion of nitrogen 
(and of hydrogen) in the reactor, and y p the fraction of the gas leaving the condenser that is 
purged (mol purged/mol total). Taking a basis of 1 mol fresh feed, draw and fully label a process 
flowchart, incorporating x l0 , / sp , and y p in the labeling to the greatest possible extent. Then 
assuming that the values of these three variables are given, write a set of equations for the total 
moles fed to the reactor (n r ), moles of ammonia produced (n p ), and overall nitrogen conversion 
(/ov). Each equation should involve only one unknown variable, which should be circled. 

(b) Solve the equations of part (a) for x l0 = 0.01, / sp = 0.20, and y p = 0.10. 

(c) Briefly explain in your own words the reasons for including (i) the recycle stream and (n) the 
purge stream in the process design. 

*(d) Write a spreadsheet program to perform the calculations of part (a) for given values of x l0 , / sp , 
and y p . Test it with the values in part (b). Then in successive rows of the spreadsheet, vary each 
of the P three input variables two or three times, holding the other two constant. The first six 
columns and first five rows of the spreadsheet should appear as follows: 



xio 


fsp 


yp 


nr 


np 


fov 


0.01 


0.20 


0.10 








0.05 


0.20 


0.10 








0.10 


0.20 


0.10 








0.01 


0.30 


0.10 









Summarize the effects on ammonia production (n p ) and reactor throughput (n r ) of changing 
each of the three input variables. 
4.62. Iso-octane is produced in the reaction of isobutane and butylene in an emulsion with concentrated 
sulfuric acid: 

1-C4H10 + GjHg — * i-CgHi8 
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The fresh feed to the process flows at a rate of 60,000 kg/h and contains 25.0 mole% isobutane, 25.0% 
butylene, and 50.0% n-butane, which is chemically inert in this process. The fresh feed combines with 
three separate recycle streams, as shown in the flowchart, and the combined stream enters the reac- 
tor. Essentially all of the butylene fed to the reactor is consumed. A portion of the reactor effluent 
is recycled to the reactor inlet and the remainder passes to a decanter, in which the aqueous (sulfu- 
ric acid) and hydrocarbon phases are allowed to separate. The acid is recycled to the reactor, and 
the hydrocarbons pass to a distillation column. The overhead from the column contains iso-octane 
and n-butane, and the bottoms product, which is recycled to the reactor, contains only isobutane. 
The stream entering the reactor contains 200 moles of isobutane per mole of butylene, and 2 kg of 
91 wt% H 2 S0 4 (aq) per kg of hydrocarbon. The stream obtained by combining the fresh feed and 
isobutane recycle contains 5.0 moles of isobutane per mole of butylene. 

You wish to determine the molar flow rates (kmol/h) of each component of the fresh feed, the 
product stream, and the emulsion, isobutane, and acid recycle streams. 

(a) Draw and completely label a flowchart of the process, perform degree-of-freedom analyses on 
the overall process and subprocesses, and write the equations you would use to determine the 
required flow rates. (Suggestion: Begin by calculating the total molar flow rate of the fresh feed 
stream.) 

(b) Perform the calculations. 

(c) List the assumptions in this problem that are not likely to be fully satisfied in practice. 

Ethyl acetate (A) undergoes a reaction with sodium hydroxide (B) to form sodium acetate and ethyl 
alcohol: 

CH3COOQH5 + NaOH — CH 3 COONa + C 2 H 5 OH 
(A) (B) 

The reaction is carried out at steady state in a series of stirred-tank reactors. The output from the i th 
reactor is the input to the (i + l)st reactor. The volumetric flow rate between the reactors is constant 
at i>(L/min), and the volume of each tank is V(L). 
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The concentrations of A and B in the feed to the first tank are C A o and C B0 (mol/L). The tanks are 
stirred sufficiently for their contents to be uniform throughout, so that C A and C B in a tank equal 
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C A and C B in the stream leaving that tank. The rate of reaction is given by the expression 

/mo! A or B reacting j _ ^ 



min • L 



where /c[L/(mol-min)] is the reaction rate constant. 

(a) Write a material balance on A in the ith tank, and show that it yields 



'Aj-1 



C Ai + kTC Ai C Bi 



where t = V/i is the mean residence time in each tank. Then write a balance on B in the ith 
tank and subtract the two balances, using the result to prove that 

Cbi — Cai = Cbo — Cao, all i 

(b) Use the equations derived in part (a) to prove that 

Ca,;-i = Cai + ^Cai(Ca/ + Cbo ~ Cao) 
and from this relation derive an equation of the form 

aC z Ai + /3C A; + 7 = 0 

where a, 0, and y are functions of k, C A0 , C B0 , C A ,-i, and t. Then write the solution of this 
equation for Ca/. 

(c) Write a spreadsheet or computer program to calculate N, the number of tanks needed to achieve 
a fractional conversion s JCAf at the outlet of the final reactor. Your program should im- 
plement the following procedure: 

(i) Take as input values of k, v, V, C A0 (mol/L), C B o(mol/L), and x At . 

(ii) Use the equation for C A , derived in part (b) to calculate C M ; then calculate the correspond- 
ing fractional conversion jc A i • 

(iii) Repeat the procedure to calculate C A2 and x A2 , then C A3 and x^, continuing until x^ > 

^Af- 

Test the program supposing that the reaction is to be carried out at a temperature at which k = 
36.2 L/(mol-min), and that the other process variables have the following values: 

Feed concentration: C A0 = 5.0 g/L ( = ??? mol/L) 

C B o = 0.10 molar ( = ??? mol/L) 
Throughput: v = 5000 L/min 
Tank volume: V = 2000 L 
Use the program to calculate the required number of tanks and the final fractional conversion 
for the following values of the desired minimum final fractional conversion, x At : 0.50, 0.80, 0.90, 
0.95, 0.99, 0.999. Briefly describe the nature of the relationship between N and x At and what 
probably happens to the process cost as the required final fractional conversion approaches 1.0. 
Hint: If you write a spreadsheet, it might appear in part as follows: 



Spreadsheet for Problem 4-63 




















k = 


36.2 


; N 


gamma 


CA(N) 


xA(N) 


v = 


5000 


\ 1 


-5.670E-02 


2.791E-02 


0.5077 


V = 


2000 


: 2 


-2.791E-02 


1.512E-02 


0.7333 


CA0 = 


0.0567 


3 








CB0 = 


0.1000 










alpha = 


14.48 










beta = 


1.6270 
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(d) Suppose a 95% conversion is desired. Use your program to determine how the required number 
of tanks varies as you increase (i) the rate constant, k; (ii) the throughput, v; and (iii) the indi- 
vidual reactor volume, V. Then briefly explain why the results you obtain make sense physically. 

A gas contains 80.0 wt% propane, 15.0 wt% H-butane, and the balance water. 

(a) Calculate the molar composition of this gas on both a wet and a dry basis and the ratio (mol 
H 2 0/mol dry gas). 

(b) If 100 kg/h of this fuel is to be burned with 30% excess air, what is the required air feed rate 
(kmol/h)? How would the answer change if the combustion were only 75 % complete? 

Five liters of liquid n-hexane and 4 liters of liquid n-heptane are mixed and burned with 4000 gram- 
moles of air. Not all of the hydrocarbons are burned in the furnace, and both CO and C0 2 are 
formed. If it is possible to do so without additional information, calculate the percent excess air 
supplied to the furnace; if more information is needed, state what it is and outline the calculation of 
the percent excess air. 

A fuel gas produced by gasifying coal is to be burned with 20% excess air. The gas contains 50.0 
mole% nitrogen and the balance carbon monoxide and hydrogen. A sample of the gas is passed 
through an infrared spectrometer, which registers a signal R that depends on the mole fraction of 
carbon monoxide in the sample, and a reading R = 38.3 is recorded. 
Analyzer calibration data are as follows: 



x(mol CO/mol) 


0.05 


0.10 


0.40 


0.80 


1.00 


R 


10.0 


17.0 


49.4 


73.6 


99.7 



A power law (x = aR b ) should be suitable for fitting the calibration data. Derive the equation re- 
lating x and R (use a graphical method), and then calculate the molar flow rate of air required for a 
fuel feed rate of 175 kmol/h, assuming that CO and H 2 are oxidized but N 2 is not. 

Natural gas containing a mixture of methane, ethane, propane, and butane is burned in a furnace 
with excess air. 

(a) One hundred kmol/h of a gas containing 94.4 mole% methane, 3.40% ethane, 0.60% propane, 
and 0.50% butane is to be burned with 17% excess air. Calculate the required molar flow rate- 
of the air. 

(b) Let 

«f(kmol/h) = molar flow of the fuel gas 

*i> *2> *3. *<t, = mole fractions of methane, ethane, propane, 

and butane, respectively, in the fuel 

P xs = percent excess air 

n a (kmol/h) = molar flow rate of the air fed to the furnace 

Derive an expression for «, in terms of the other variables. Check your formula with the results 
of part (a). 

*(c) Suppose the feed rate and composition of the fuel gas are subject to periodic variations, and a 
process control computer is to be used to adjust the flow rate of air to maintain a constant per- 
centage excess. A calibrated electronic flowmeter in the fuel gas line transmits a signal R t that is 
directly proportional to the flow rate (n { = a R t ), with a flow rate of 75.0 kmol/h yielding a signal 
Rf = 60. The fuel gas composition is obtained with an on-line gas chromatograph. A sample of 
the gas is injected into the gas chromatograph (GC), and signals A 1( A 2 , A 3 , and A 4 , which are 
directly proportional to the moles of methane, ethane, propane, and butane, respectively, in the 
sample, are transmitted. (Assume the same proportionality constant for all species.) The control 
computer processes these data to determine the required air flow rate and then sends a signal /? a 
to a control valve in the air line. The relationship between fl a and the resulting air flow rate, ri a , 
is another direct proportionality, with a signal R a = 25 leading to an air flow rate of 550 kmol/h. 
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Write a spreadsheet or computer program to perform the following tasks: 

(i) Take as input the desired percentage excess and values of /?f, At, A 2 , A 3 , and A 4 . 

(ii) Calculate and print out hi, x\, x-i, X3, x», h a , and /fa- 
Test your program on the data given below, assuming that 15% excess air is required in all 

cases. Then explore the effects of variations in P„ and R { on h a for the values of A, - A 4 given 
on the third line of the data table. Briefly explain your results. 



R f Ai A 2 A 3 A 4 



62 248.7 19.74 6.35 1.48 
83 305.3 14.57 2.56 0.70 
108 294.2 16.61 4.78 2.11 
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(d) Finally, suppose that when the system is operating as described, stack gas analysis indicates that 
the air feed rate is consistently too high to achieve the specified percentage excess. Give several 
possible explanations. 

4.68. Butane is burned with air. No carbon monoxide is present in the combustion products. 

(a) Use a degree-of-freedom analysis to prove that if the percentage excess air and the percentage 
conversion of butane are specified, the molar composition of the product gas can be determined. 

(b) Calculate the molar composition of the product gas for each of the following three cases: (i) 
theoretical air supplied, 100% conversion of butane; (ii) 20% excess air, 100% conversion of 
butane; and (iii) 20% excess air, 90% conversion of butane. 

4.69. A mixture of 75 mole% propane and 25 mole% hydrogen is burned with 25% excess air. Fractional 
conversions of 90% of the propane and 85% of the hydrogen are achieved; of the propane that 
reacts, 95% reacts to form CO2 and the balance reacts to form CO. The hot combustion product gas 
passes through a boiler in which heat transferred from the gas converts boiler feedwater into steam. 

(a) Calculate the concentration of CO (ppm) in the stack gas. 

(b) The CO in the stack gas is a pollutant. Its concentration can be decreased by increasing the per- 
cent excess air fed to the furnace. Think of at least two costs of doing so. (Hint: The heat released 
by the combustion goes into heating the combustion products, and the higher the combustion 
product temperature, the more steam is produced.) 

4.70. H-Pentane is burned with excess air in a continuous combustion chamber. 

(a) A technician runs an analysis and reports that the product gas contains 0.270 mole% pentane, 
5.3% oxygen, 9.1% carbon dioxide, and the balance nitrogen on a dry basis. Assume 100 mol 
of dry product gas as a basis of calculation, draw and label a flowchart, perform a degree-of- 
freedom analysis based on atomic species balances, and show that the system has - 1 degrees of 
freedom. Interpret this result. 

(b) Use balances to prove that the reported percentages could not possibly be correct. 

(c) The technician reruns the analysis and reports new values of 0.304 mole% pentane, 5.9% oxygen, 
10.2% carbon dioxide, and the balance nitrogen. Verify that this result could be correct and, 
assuming that it is, calculate the percent excess air fed to the reactor and the fractional conversion 
of pentane. 

4.71. Liquid methanol is fed to a space heater at a rate of 12.0 L/h and burned with excess air. The product 
gas is analyzed and the following dry-basis mole percentages are determined: CH 3 OH = 0.45%, 
C0 2 = 9.03%, and CO = 1.81%. 

(a) Draw and label a flowchart and verify that the system has zero degrees of freedom. 

(b) Calculate the fractional conversion of methanol, the percentage excess air fed, and the mole 
fraction of water in the product gas. 

(c) Suppose the combustion products are released directly into a room. What potential problems 
do you see and what remedies can you suggest? 

4.72. A gas containing methane, ethane, and carbon dioxide is analyzed with a gas chromatograph (GC) 
and flame ionization detector (FID): the GC separates the components of the gas, and the FID reg- 
isters signals proportional to the amount of each hydrocarbon (but not C0 2 ) in its sample chamber. 
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The output of the FID is as follows: 




Area = 20 



Time 



The area under each peak is proportional to the number of carbon atoms in the sample, so that 1 
mol of ethane would yield a peak with twice the area of a peak corresponding to 1 mol of methane. 

This fuel is being burned with air in a continuous combustion chamber. The molar feed ratio 
of air to fuel was supposed to be 7:1, but you suspect the air flowmeter is not functioning properly. 
To check it, you take a 0.50-mol sample of the product gas and pass it through a condenser, which 
condenses essentially all of the water in the sample. The condensate (which can be assumed to be 
pure water) is weighed and found to have a mass of 1.134 g. The dry gas leaving the condenser is 
analyzed and found to contain no hydrocarbons, no CO, and 11.9% C0 2 . 

(a) Calculate the molar composition (component mole fractions) of the fuel gas and the desired 
percent excess air. 

(b) Calculate the actual molar feed ratio of air to fuel and the actual percent excess air. 

4.73. A mixture of propane and butane is burned with pure oxygen. The combustion products contain 
47.4 mole% H 2 0. After all the water is removed from the products, the residual gas contains 69 4 
mole% C0 2 and the balance 0 2 . 

(a) What is the mole percent of propane in the fuel? 

(b) It now turns out that the fuel mixture may contain not only propane and butane but also other 
hydrocarbons. All that is certain is that there is no oxygen in the fuel. Use atomic balances to 
calculate the elemental molar composition of the fuel from the given combustion product anal- 
ysis (i.e., what mole percent is C and what percent is H). Prove that your solution is consistent 
with the result of part (a). 

4.74. A fuel oil is analyzed and found to contain 85.0 wt% carbon, 12.0% elemental hydrogen (H), 1.7% ' 
sulfur, and the remainder noncombustible matter. The oil is burned with 20.0% excess air, based on 
complete combustion of the carbon to C0 2 , the hydrogen to H 2 0, and the sulfur to S0 2 .The oil is 
burned completely, but 8% of the carbon forms CO. Calculate the molar composition of the stack 
gas. 

4.75. The analysis of a coal indicates 75 wt% C, 17% H, 2% S, and the balance noncombustible ash. The 
coal is burned at a rate of 5000 kg/h, and the feed rate of air to the furnace is 50 kmol/min. All of the 
ash and 6% of the carbon in the fuel leave the furnace as a molten slag; the remainder of the carbon 
leaves in the stack gas as CO and C0 2 ; the hydrogen in the coal is oxidized to water, and the sulfur 
emerges as S0 2 . The selectivity of C0 2 to CO production is 10:1. 

(a) Calculate the percent excess air fed to the reactor. 

(b) Calculate the mole fractions of the gaseous pollutants— CO and S0 2 — in the stack gas. 

(c) Emitted sulfur dioxide by itself is a health hazard, but it is a more serious threat to the envi- 
ronment as a precursor to acid rain. Under the catalytic action of sunlight, the sulfur dioxide is 
oxidized to sulfur trioxide, which in turn combines with water vapor to form sulfuric acid, which 
eventually returns to earth as rainfall. Acid rain formed in this manner has caused extensive 
damage to forests, fields, and lakes in many parts of the world. For the furnace described above, 
calculate the rate of formation of sulfuric acid (kg/h) if all the emitted S0 2 is converted in the 
indicated manner. 

4.76. The composition of a coal is determined by a proximate analysis. The coal is first finely ground and 
air-dried. Samples of the dried coal are then subjected to several operations, with the sample weights 
being recorded before and after each operation. Moisture content is determined as the weight loss 
when a sample is held at 105°C in an oxygen-free atmosphere for roughly 2 h, added to the weight 
loss in the initial drying step. Volatile matter (primarily organic tars) is determined by holding a 
sample at 925°C in an oxygen-free atmosphere for 7 min and subtracting the moisture loss from the 
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total weight loss. Ash (or mineral matter — oxides and sulfates of silicon, aluminum, iron, calcium, 
sulfur, and trace minerals) is the residue that remains after a sample has been heated to 800° C in an 
oxygen-containing atmosphere until all the organic matter has been burned away. Fixed carbon is 
what is present in coal besides moisture, volatile matter, and ash. 

(a) Use the following proximate analysis data to determine the percentages by mass of moisture, 
fixed carbon, volatile matter, and ash in a coal: 

1.207 g air ' dry ; 1.147 g 
25°C, 12 h 

The remaining tests are performed on air-dried samples. 



1.234 g 
1.347 g 



1.175 g 



105°C, N; 

2h 
925°C, N; 

7 min 
800°C, Oz 

lh 



1.204 g 
0.811 g 



0.111 g 
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(b) If the mass ratio of C to H in the volatile matter is 6:1, calculate the gram-moles of air theoreti- 
cally required to burn 1 metric ton of this coal. 

4.77. The product gas from a solid fuel combustion reaction has the following dry-basis molar composition: 
72.0% C0 2 , 2.57% CO, 0.0592% S0 2 , and 25.4% 0 2 . Pure oxygen is fed to the furnace in 20% excess 
of that required to burn the fuel completely. There is no oxygen in the fuel. Calculate the elemental 
composition (mole% of the various elements) of the fuel, stating any assumptions you have to make 
to arrive at your answer. 

4.78. A fuel oil is fed to a furnace and burned with 25% excess air. The oil contains 87.0 wt% C, 10.0% H, 
and 3.0% S. Analysis of the furnace exhaust gas shows only N 2 , 0 2 , C0 2 , S0 2 , and H 2 0. The sulfur 
dioxide emission rate is to be controlled by passing the exhaust gas through a scrubber, in which 
most of the S0 2 is absorbed in an alkaline solution. The gases leaving the scrubber (all of the N 2 , 
0 2 , and C0 2 , and some of the H 2 0 and S0 2 entering the unit) pass out to a stack. The scrubber has 
a limited capacity, however, so that a fraction of the furnace exhaust gas must be bypassed directly 
to the stack. 

At one point during the operation of the process, the scrubber removes 90% of the S0 2 in the 
gas fed to it, and the combined stack gas contains 612.5 ppm (parts per million) S0 2 on a dry basis; 
that is, every million moles of dry stack gas contains 612.5 moles of S0 2 . Calculate the fraction of 
the exhaust bypassing the scrubber at this moment. 

4.79. You have been sent by the Environmental Protection Agency to measure S0 2 emissions from a small 
industrial power plant. You withdraw and analyze a gas sample from the boiler stack and obtain the 
following composition: 75.66% N 2 , 10.24% C0 2 , 8.27% H 2 0, 5.75% 0 2 , and 0.0825% S0 2 . You 
show these figures to the plant superintendent next day, and she insists they must be wrong, since 
the fuel was a natural gas containing methane and ethane, and no sulfur. You ask if they ever burn 
another fuel, and the superintendent replies that they sometimes use a fuel oil but the plant log 
shows that they were not doing so when the measurements were made. You do some calculations 
and prove that the oil and not the gas must have been the fuel; the superintendent checks further 
and discovers that the plant log is in error and you are right. 

(a) Calculate the mole ratio of carbon to hydrogen in the fuel, and use the result to prove that the 
fuel could not have been the natural gas. 

(b) Calculate the mass ratio of carbon to hydrogen and the weight% of sulfur in the fuel, assuming 
that C, H, and S are the only elements present. Then use the results in conjunction with the 
ultimate fuel oil analyses in Table 27-6 on p. 27-10 of Perry's Chemical Engineers' Handbook, 
7th Edition, to deduce the most probable classification of the fuel oil. 

4.80. Fuel oils contain primarily organic compounds and sulfur. The molar composition of the organic 
fraction of a fuel oil may be represented by the formula C p H q O r ; the mass fraction of sulfur in the 
fuel is x s (kg S/kg fuel); and the percentage excess air, P x% , is defined in terms of the theoretical air 
required to burn only the carbon and hydrogen in the fuel. 

(a) For a certain high-sulfur No. 6 fuel oil, p = 0.71, q = l.l, r = 0.003, and x s = 0.02. Calculate 
the composition of the stack gas on a dry basis if this fuel is burned with 18% excess air, assuming 
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complete combustion of the fuel to form C0 2 , S0 2 , and H 2 0 and expressing the S0 2 fraction 
as ppm (mol SO 2 /10 6 mol dry gas). 
*(b) Create a spreadsheet to calculate the mole fractions of the stack gas components on a dry basis 
for specified values of p, q, r, x s , and P xs . The output should appear as follows: 



Solution to Problem 4-80 












Run 


1 


2 




P 


0.71 


0.71 




q 


1.1 


1.1 




r 


0.003 


0.003 




xS 


0.02 


0.02 




Pxs 


18% 


36% 












y(C02) 


13.4% 






y(02) 








y(N2) 








ppm S02 


1165 







(Rows below the last one shown can be used to calculate intermediate quantities.) Execute 
enough runs (including the two shown above) to determine the effect on the stack gas composi- 
tion of each of the five input parameters. Then for the values of p, q, r, and x % given in part (a), 
find the minimum percentage excess air needed to keep the dry-basis S0 2 composition below 
700 ppm. (Make this the last run in the output table.) 

You should find that for a given fuel oil composition, increasing the percentage excess air 
decreases the S0 2 concentration in the stack gas. Explain why this should be the case, 
(c) Someone has proposed using the relationship between and ppm S0 2 as the basis of a pol- 
lution control strategy. The idea is to determine the minimum acceptable concentration of S0 2 
in the stack gas, then run with the percentage excess air high enough to achieve this value. Give 
several reasons why this is a poor idea. 



"Computer problem. 



Chapter 



Single-Phase Systems 



Most of the material balance problems in Chapter 4 could be solved entirely from information 
given in the problem statements. As you will come to discover, problems in process analysis are 
rarely so conveniently self-contained; before you can carry out a complete material balance on 
a process, you usually must determine various physical properties of the process materials and 
use these properties to derive additional relations among the system variables. The following 
methods can be used to determine a physical property of a process material: 

Look It Up. When you need a value for a physical property of a substance— whether it be 
a density, vapor pressure, solubility, or heat capacity — there is a good chance that someone, 
somewhere has measured this property and published the result. Since experiments are usually 
costly and time consuming, a reliable source of physical property data is an invaluable asset in 
process analysis. Four excellent sources of data are the following: 

Perry's Chemical Engineers' Handbook, 7th Edition, R. H. Perry and D. W. Green, Eds., 
McGraw-Hill, New York, 1997. 

CRC Handbook of Chemistry and Physics, 79th Edition, D. Lide, Ed., Chemical Rubber Com- 
pany, Boca Raton, FL, 1998. 

TRC Databases in Chemistry and Engineering. TRC Thermodynamic Tables Version 1.0. Ther- 
modynamic Research Center, Texas A&M University, College Station, Texas, 1994. This is a 
continuation of the American Petroleum Institute Project 44: "Selected Values of the Prop- 
erties of Hydrocarbons and Related Compounds." 

T. E. Daubert and R. P. Danner, Physical and Thermodynamic Properties of Pure Chemicals: 
Data Compilation, Hemisphere Publishing Corporation, New York, 1991. This is a hard-copy 
version of the Design Institute of Physical Properties Research (DIPPR) Data Compilation. 

If the desired information cannot be found in these references, the species in question can be 
looked up in the index of Chemical Abstracts in an effort to locate data in the open literature. 

Estimate It. There are a relatively small number of atomic elements and a much larger but 
still countable number of molecular species of interest to chemical engineers. Chemical species 
can be combined into mixtures in an infinite number of ways, however, and it is clearly impos- 
sible to tabulate physical property data for even a small fraction of the possible combinations. 
Moreover, even when data are found they are likely to have been determined for conditions 
other than the ones for which you need them. Reid, Prausnitz, and Poling 1 summarize a large 
number of empirical correlations that express physical properties of a mixture in terms of the 



'R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill, 
New York, 1986. 
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pure-component properties and the mixture composition. These correlations can be used to 
estimate physical properties when no data are available and to extrapolate available data to 
conditions other than the ones at which the data were obtained. 

Measure It. When no information on a particular physical property of a substance can be 
found in the literature or when the property must be known with a precision greater than that 
provided by general estimation formulas, the only recourse is to determine the property exper- 
imentally. Information on experimental techniques for measuring physical properties can be 
found in any of numerous texts on experimental physical, organic, and analytical chemistry. 

Density is a frequently needed physical property of a process fluid. For example, engineers 
often know volumetric flow rates (V) of process streams from flowmeter readings but need to 
know mass flow rates (m) or molar flow rates (h) for material balance calculations. The fac- 
tor needed to calculate morn from V is the density of the stream. This chapter illustrates the 
uses of both tabulated data and estimation formulas for calculating densities. Section 5.1 con- 
cerns solids and liquids; Section 5.2 covers ideal gases, gases for which the ideal gas equation of 
state (PV = nRT) is a good approximation; and Section 5.3 extends the discussion to nonideal 
gases. 

5.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Explain in your own words and without the use of jargon (a) the three ways of obtaining 
values of physical properties; (b) why some fluids are referred to as incompressible; (c) the 
"liquid volume additivity assumption" and the species for which it is most likely to be valid; 
(d) the term "equation of state"; (e) what it means to assume ideal gas behavior; (f) what it 
means to say that the specific volume of an ideal gas at standard temperature and pressure is 
22.4 L/mol; (g) the meaning of partial pressure; (h) why volume fraction and mole fraction 
for ideal gases are identical; (i) what the compressibility factor, z , represents, and what its 
value indicates about the validity of the ideal gas equation of state; (j) why certain equations 
of state are referred to as cubic; and (k) the physical meaning of critical temperature and 
pressure (explain them in terms of what happens when a vapor either below or above its 
critical temperature is compressed). 

• For a mixture of liquids with known composition, determine V (or V) from a known m (m) or 
vice versa using (a) tabulated density data for the mixture and (b) pure-component densities 
and an assumption of volume additivity. Derive the density estimation formula for the second 
case (Equation 5.1-1). 

• Given any three of the quantities P , V (or V), n (or h), and T for an ideal gas, (a) calculate the 
fourth one either directly from the ideal gas equation of state or by conversion from standard 
conditions; (b) calculate the density of the gas; and (c) test the assumption of ideality either 
by using a rule of thumb about the specific volume or by estimating a compressibility factor 
and seeing how much it differs from 1. 

• Explain the meaning of "37.5 SCFH" (37.5 standard cubic feet per hour) and what it means 
to say that the flow rate of a gas stream at 120°F and 2.8 atm is 37.5 SCFH. (Why doesn't this 
statement specify the impossible condition that the gas is at two sets of temperatures and 
pressures simultaneously?) Calculate the true volumetric flow rate of that gas. 

• Given the component partial pressures of an ideal gas mixture and the total gas pressure, 
determine the mixture composition expressed in either mole fractions (or mole percents), 
volume fractions (or % v/v), or mass fractions (or % w/w). 

• Carry out PVT calculations for a gas using (a) the truncated virial equation of state, (b) the 
van der Waals equation of state, (c) the SRK equation of state, and (d) the compressibility 
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factor equation of state with either tabulated compressibility factors or a generalized com- 
pressibility chart for a single species and Kay's rule for a nonideal mixture of gases. 
• Given a description of a process system in which a volumetric flow rate is either specified 
or requested for any process stream, (a) carry out the degree-of-freedom analysis, including 
density estimates for liquid and solid streams and equations of state for gas streams; (b) write 
the system equations and outline the procedure you would use to solve for all requested 
quantities; (c) carry out the calculations; (d) list all your assumptions (e.g., volume additivity 
for liquids or ideal gas behavior) and state whether or not they are reasonable for the given 
process conditions. 



LIQUID AND SOLID DENSITIES 

Specific gravities of solids and liquids were discussed in Sections 3.1 and 3.2. Values for several 
substances at a single temperature are listed in Table B.l in Appendix B, and more extensive 
tabulations can be found in Perry's Chemical Engineers' Handbook 2 on pp. 2-7 through 2-47 
and 2-91 through 2-120. 

When you heat a liquid or a solid it normally expands (i.e., its density decreases). In most 
process applications, however, it can be assumed with little error that solid and liquid densities 
are independent of temperature. Similarly, changes in pressure do not cause significant changes 
in liquid or solid densities; these substances are therefore termed incompressible. 

Perry's Chemical Engineers' Handbook (pp. 2-91 through 2-93) lists densities of liquid wa- 
ter and mercury at different temperatures and gives expressions on pp. 2-128 through 2-131 that 
may be used to calculate densities for many other substances at different temperatures. Reid, 
Prausnitz, and Poling (see footnote 1) present a number of methods to estimate the density of 
a liquid for which tabulated densities are not available. Some of these estimation formulas are 
also given in Perry's Chemical Engineers' Handbook on pp. 2-358 and 2-361. 

The most accurate way to determine the density of a mixture of liquids or a solution of 
a solid in a liquid is from experimental data. Perry's Chemical Engineers' Handbook provides 
data for mixtures and solutions of a number of substances on pp. 2-99 through 2-118 and lists 
additional sources of data on p. 2-99. 

In the absence of data, the density p of a mixture of n liquids (A h A 2 ,...,A n ) can be esti- 
mated from the component mass fractions [*,-] and pure-component densities [p,] in two ways. 
First, we might assume volume additivity — that is, if 2 mL of liquid A and 3 mL of liquid B are 
mixed, the resulting volume would be exactly 5 mL. Making this assumption and recognizing 
that component masses are always additive leads to the formula 

i = y - (5.1-1) 

Second, we might simply average the pure-component densities, weighting each one by the 
mass fraction of the component: 

p = X tin 
i=i 

(Equation 5.1-1 calculates the inverse of the mixture density, or the specific volume of the mix- 
ture, as the weighted average of the pure-component specific volumes.) 

One of these estimation formulas might work better for some species and the other might 
work better for other species. For example, Figure 5.1-1 shows densities of both methanol- 
water and sulfuric acid-water mixtures at 20° C. The densities for each pair of components 



2 R. H. Perry and D. W. Green, Eds., Perry's Chemical Engineers' Handbook, 7th Edition, McGraw-Hill, New 
York, 1997. 
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Figure 5.1-1 Experimental and estimated mixture den- 
sities. Experimental values from Perry's Chemical En- 
gineers' Handbook, p. 2-107 for sulfuric acid-water and 
p. 2-111 for methanol-water, both at 20° C. 

are obtained in three ways: from experimental data in Perry's Chemical Engineers' Handbook 
(pp. 2-107 and 2-111), using Equation 5.1-1, and using Equation 5.1-2. Equation 5.1-1 provides 
a slightly better estimate (i.e., values closer to the experimental data) for methanol and water, 
and Equation 5.1-2 provides a much better estimate for sulfuric acid and water. 

Which method should you use? Equation 5.1-1 and the assumption of volume additivity 
work best for mixtures of liquid species with similar molecular structures (e.g., all straight-chain 
hydrocarbons of nearly equal molecular weight, such as H-pentane, /i-hexane, and n-heptane). 
There are no general rules for when Equation 5.1-2 works better — all we can do is rely on 
empirical (experimental) findings. 



TEST 

YOURSELF 
(Answers, p. 657) 



1. The specific gravity of water is 1.0000 at 4.0°C. A stream of water at 4°C has a mass flow 
rate of 255 g/s. What is its volumetric flow rate? If the stream temperature is raised to 
75°C, does the mass flow rate change? How would you expect the volumetric flow rate 
to change? How would you calculate the volumetric flow rate at 75°C without actually 
measuring it? 

2. The pressure equivalence 14.696 lbf/in. 2 <$=> 760 mm Hg is not complete — it should be 
stated as 

14.696 lb f /in. 2 <^4> 760 mm Hg at 0°C 

Why is it technically necessary to state a temperature? Why is omitting the temperature 
not a serious mistake? 

3. Suppose you mix mi(g) of liquid Ai with density pi(g/cm 3 ), m 2 (g) of liquid A 2 with density 
Pi, and m„(g) of liquid A„ with density p n . Assuming that the volumes are additive, 
show that the density of the mixture is given by Equation 5.1-1. 



SOLUTION 



Determination of a Solution Density 

Determine the density in g/cm 3 of a 50 wt% aqueous solution of H 2 S0 4 at 20°C, both by (1) looking 
up a tabulated value and (2) assuming volume additivity of the solution components. 

1. Look It Up. Perry's Chemical Engineers' Handbook, pp. 2-107 and 2-108, tabulates specific 
gravities of sulfuric acid solutions. From this table, 

p(50% H 2 S0 4 , 20°C) = 1.3951 g/cm 3 
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2. Estimate It. The pure-component densities are 

p(H 2 0. 20°C) = 0.998 g/cm 3 {Handbook, p. 2-91) 

p(H 2 S0 4 ,18°C) = 1.834 g/cm 3 {Handbook, p. 2-25) 

We will neglect the density change for H 2 S0 4 between 18°C and 20°C, although Perry's Chem- 
ical Engineers' Handbook, p. 2-131, gives thermal expansion data for H 2 S0 4 that could be used 
to make this minor correction. We then estimate from Equation 5.1-1: 

l/p = (0.500/0.998 + 0.500/1.834) cm 3 /g = 0.7736 cm 3 /g 

i 

p = 1.29 g/cm 3 

The density estimated assuming volume additivity thus differs from the true density, given in 
part (1), by [(1.29 - 1.3951)/l.3951] X 100% = -7.3%. Alternatively, we could estimate the 
density from Equation 5.1-2: 

p = (0.500 X 0.998 + 0.500 X 1.834) = 1.42 g/cm 3 

cm 3 

This leads to an estimation error of [(1.42 - 1.3951)/1.3951] X 100% = 1.5%. Clearly, the 
accuracy of Equation 5.1-2 is better in this instance than that of Equation 5.1-1. 



5.2 IDEAL GASES 

Looking up a density or specific volume at one temperature and pressure and using it at another 
temperature and pressure usually works well for a solid or a liquid, but not at all for a gas. An 
expression is needed for gases that relates specific volume to temperature and pressure, so that 
if any two of these quantities are known the third can be calculated. 

Typical problems that require a PVT relationship for their solution include the following: 

1. Propane at 120°C and 2.3 bars passes through a flowmeter that reads 250 L/min. What is 
the mass flow rate of the gas? 

2. A pure hydrocarbon gas fills a two-liter vessel at 30° C with an absolute pressure of 
25 atm. How many gram-moles of gas are contained in the vessel? If the mass of the gas 
is 60 g, what might the gas be? 

3. A 20-ft 3 gas cylinder in your laboratory can hold pressures up to 400 atm. The Bourdon 
gauge on the cylinder reads 380 atm one morning when the temperature is 55°F. How high 
can the temperature go before it becomes advisable to move to a different laboratory? 

An equation of state relates the molar quantity and volume of a gas to temperature and 
pressure. The simplest and most widely used of these relationships is the ideal gas equation of 
state (the familiar PV - nRT), which, while approximate, is adequate for many engineering 
calculations involving gases at low pressures. However, some gases deviate from ideal behavior 
at nearly all conditions and all gases deviate substantially at certain conditions (notably at high 
pressures and/or low temperatures). In such cases it is necessary to use more complex equations 
of state for PVT calculations. 

In this section we discuss the ideal gas equation of state and show how it is applied to sys- 
tems containing single gaseous substances and mixtures of gases. Section 5.3 outlines methods 
used for a single nonideal gas (by definition, a gas for which the ideal gas equation of state does 
not work well) and for mixtures of nonideal gases. 

5.2a The Ideal Gas Equation of State 

The ideal gas equation of state can be derived from the kinetic theory of gases by assuming that 
gas molecules have a negligible volume, exert no forces on one another, and collide elastically 
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with the walls of their container. The equation usually appears in the form 

(5.2-1) 



PV = nRT 



or 



PV = nRT 



where 



P = absolute pressure of a gas 
V(V) = volume (volumetric flow rate) of the gas 
n(h) = number of moles (molar flow rate) of the gas 

R = the gas constant, whose value depends on the units of P, V, n, and T 
T = absolute temperature of the gas 

The equation may also be written as 

PV = RT (5.2-2) 
where V = V/n (or V/ h) is the specific molar volume of the gas. 

A gas whose PVT behavior is well represented by Equation 5.2-1 is said to behave as an 
ideal gas or a perfect gas. The use of this equation does not require a knowledge of the gas 
species: 1 mol of an ideal gas atO°C and 1 atm occupies 22.415 liters, whether the gas is argon, 
nitrogen, a mixture of propane and air, or any other single species or mixture of gases. 

The gas constant R has units of (pressure x volume )/(mole X temperature); moreover, 
since pressure times volume has units of energy (prove it), R may also be expressed in units of 
(energy)/(mole X temperature). Values of the gas constant expressed in various units are listed 
in the table on the inside back cover of this book. 

The ideal gas equation of state is an approximation. It works well under some conditions — 
generally speaking, at temperatures above about 0°C and pressures below about 1 atm — but 
at other conditions its use may lead to substantial errors. Here is a useful rule of thumb for 
when it is reasonable to assume ideal gas behavior. Let X idea i be a quantity calculated using the 
ideal gas equation of state [X = P (absolute), T (absolute), n or V] and e be the error in the 
estimated value, 

€ = Zideal - Ztrue x 100% 

■^true 

An error of no more than about 1% may be expected if the quantity RT/P (the ideal specific 
molar volume) satisfies the following criterion: 3 

RT 

|e| < 1% if V ideal = — > 5 L/mol (80 ft 3 /lb-mole) (diatomic gases) (5.2-3a) 

> 20 L/mol (320 ft 3 /lb-mole) (other gases) (5.2-3b) 

The Ideal Gas Equation of State 

One hundred grams of nitrogen is stored in a container at 23.0°C and 3.00 psig. 

1. Assuming ideal gas behavior, calculate the container volume in liters. 

2. Verify that the ideal gas equation of state is a good approximation for the given conditions. 

SOLUTION 1. The ideal gas equation of state relates absolute temperature, absolute pressure, and the quan- 

tity of a gas in moles. We therefore first calculate 

100-0 g -„ , 
n ~ xtttt — ; — i = 3.57 mol 
28.0 g/mol 

T = 296 K 



3 0. A. Hougen, K. M. Watson, and R. A. Ragatz, Chemical Process Principles. Part I. Material and Energy 
Balances, 2nd Edition, John Wiley & Sons, New York, 1956, p. 67. 
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and (assuming P atm = 14.7 psia) P = 17.7 psia. Then from the ideal gas equation of state 



V(liters) = 



nRT 




P 




(3.57 mol)(296 K) 


/?(liter-psia) 


17.7 psia 


(mol-K) 



Unfortunately, the table of gas constants at the back of this book does not list the value of 
R with this particular set of units. In its absence, we use an available value and carry out the 
necessary additional unit conversions. 



V = 



(3.57 mol)(296 K) 


0.08206 liter -arm 


14.7 psi 


17.7 psi 


mol-K 


atm 



2. To check the assumption of ideal gas behavior for N 2 (a diatomic gas), we apply Criterion 
5.3-a. Since we have already determined n and V ideal> we can determine i/ ideal = V ideal /n rather 
than as RT j P. (Both calculations yield the same value, which you might want to verify for 
yourself.) 

V 72.0 L 

v ideal = — = —— = 20.2 L/mol > 5 L/mol 

n 3.57 mol 

Since the calculated value of V idea i exceeds the criterion value of 5 L/mol, the ideal gas equation 
of state should yield an error of less than 1 %. 



TEST 

YOURSELF 
(Answers, p. 657) 



1. What is an equation of state? What is the ideal gas equation of state? At what conditions 
(high or low temperature, high or low pressure) does the ideal gas equation provide the 
most accurate estimates? 

2. Two gas cylinders have identical volumes and contain gases at identical temperatures and 
pressures. Cylinder A contains hydrogen and cylinder B contains carbon dioxide. Assum- 
ing ideal gas behavior, which of the following variables differ for the two gases: (a) number 
of gram-moles, (b) number of molecules, (c) masses, (d) specific molar volumes (L/mol), 
(e) mass densities (g/L)? For each of the quantities that differ, which one is bigger and by 
how much? (Assume ideal gas behavior.) 

3. One hundred grams per hour of ethylene (C2H4) flows through a pipe at 1.2 atm and 70°C 
and 100 g/h of butene (C 4 H 8 ) flows through a second pipe at the same temperature and 
pressure. Which of the following quantities differ for the two gases: (a) volumetric flow 
rate, (b) specific molar volume (L/mol), (c) mass density (g/L)? For each of the quantities 
that differ, which one is bigger and by how much? (Assume ideal gas behavior.) 

4. A gas is stored at T = 200 K and P = 20 atm. Show whether or not the ideal gas equation 
of state would provide an estimate of the specific volume of the gas, V(L/mol), within 1% 
of the true value. 

The relationship between the density p (mass/volume), temperature, and pressure of an ideal 
gas can be obtained by first relating the specific molar volume, V (volume/mole), to the density. 
Using a specific set of units for illustration, 



^/litersN 
\ mol J 



M (g/mol) 
p (g/liter) 



where M is the average molecular weight of the gas (the molecular weight if the gas is a single 
species or Equation 3.3-7 for a mixture). Substituting V = M/'p into Equation 5.2-2 and solving 
for p yields 



PM 

~RT 



(5.2-4) 
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CREATIVITY EXERCISE 

An unlabeled gas cylinder is equipped with a sensitive pressure gauge. Devise several experi- 
ments that could be used to estimate the molecular weight of the gas, using only equipment and 
materials likely to be found in the average home or purchasable at a neighborhood hardware 
store. (You may have a sensitive balance if you need one, but you may not assume that the 
average home has its own chemistry laboratory.) 



5.2b Standard Temperature and Pressure 



Doing PVT calculations by substituting given values of variables into the ideal gas equation 
of state is straightforward, but to use this method you must have on hand either a table of 
values of R with different units or a good memory. A way to avoid these requirements is to use 
conversion from standard conditions. 

For an ideal gas at an arbitrary temperature T and pressure P, 

PV = nRT (5.2-1) 

and for the same ideal gas at a specified reference temperature T s and pressure P s (referred to 
as standard temperature and pressure, or STP), we may write Equation 5.2-2 as 

P*V S = RT S 

The first equation divided by the second yields 

PV T 

— - = n — (5.2-5) 

PsV s T t 

(For a flowing stream, h and V would replace n and V in this equation.) Since the standard 
conditions (P s , T s , V s = RT S / P s ) are known, Equation 5.2-5 may be used to determine V for 
a given value of n or vice versa. Note that when you use this method you do not need a value 
for R. 

The standard conditions most commonly used are shown in Table 5.2-1. Standard temp- 
erature (T s = 0°C ==> 273 K) and standard pressure (P s = 1 atm) are easy to remember. 
You should also commit to memory the following values of the standard specific molar vol- 
ume: 



0 S = 214 « 22 .4 MSB <=» 359 « (U4) 

kmol mol lb-mole 



The term standard cubic meters (or SCM) is often used to denote m 3 (STP), and standard cubic 
feet (or SCF) denotes ft 3 (STP). A volumetric flow rate of 18.2 SCMH means 18.2 m 3 /h at 0°C 
and 1 atm. 

Caution: While standard temperature and pressure for most equation of state calculations are 
0°C and 1 atm, some specialized industries have adopted different values. If you see a reference 
to standard temperature and pressure, try to find out which values were assumed. (In this book 
it is always safe to assume 0°C and 1 atm.) 



Table 5.2-1 Standard Conditions for Gases 



System 




P. 






SI 


273 K 


1 atm 


0.022415 m 3 


1 mol 


CGS 


273 K 


1 atm 


22.415 L 


1 mol 


American Engineering 


492°R 


1 atm 


359.05 ft 3 


1 lb-mole 
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Conversion from Standard Conditions 



Butane (C 4 Hi 0 ) at 360°C and 3.00 atm absolute flows into a reactor at a rate of 1100 kg/h. Calculate 
the volumetric flow rate of this stream using conversion from standard conditions. 



As always, molar quantities and absolute temperature and pressure must be used. 

1100 kg/h 



From Equation 5.2-5 



.. „ . ... . 19.0 kmol/h 
58.1 kg/kmol 

T = 633 K, P = 3.00 atm 



PV . T 



r s p 



v = 



19.0 kmol 


22.4 m 3 (STP) 


633 K 


1.00 atm 


h 


kmol 


273 K 


3.00 atm 



329 



nr 



You will frequently encounter problems that involve gases at two different states (sets 
of conditions) — for example, at the inlet and outlet of a process unit. A convenient way to 
determine an unknown variable (P, V, n, or T) of the gas at one of the states is to write the 
gas law for both states and divide one equation by the other. Any variables that are the same at 
both points will cancel, leaving an equation containing only the variable you wish to determine 
and known quantities. 



Effect of T and P on Volumetric Flow Rates 



Ten cubic feet of air at 70°F and 1.00 atm is heated to 610°F and compressed to 2.50 atm. What 
volume does the gas occupy in its final state? 



Let 1 denote the initial state of the gas and 2 the final state. Note that n ; 
of the gas does not change). Assume ideal gas behavior. 



«2 (the number of moles 



n(lb-mole air) 



V l = 10 ft 3 

T x = 70°F (530°R) 

P\ = l atm 



PROCESS 



«(lb-mole air) 



V 2 (ft 3 ) 



610°F(1070°R) 
2.5 atm 



P 2 V 2 = nRT 2 
PiVi = nRT x 



P2V2 
P1V1 



Ti 

Tx 



10.0 ft 3 


1.00 atm 


1070°R 




2.50 atm 


530° R 



8.08 ft 3 



You may on occasion be told that the flow rate of a gas stream is, say, 23.8 SCMH [or 
m 3 (STP)/h] at 150° C and 2.5 atm. This looks like a contradiction: How can a gas be at standard 
temperature and pressure (0°C and 1 atm) and at 150°C and 2.5 atm? 

The answer is that it can't — the gas is not at standard temperature and pressure. A flow 
rate specified in the given manner (23.8 SCMH) is not the true volumetric flow rate of the 
stream at its actual temperature and pressure (150°C and 2.5 atm) but the flow rate that would 
be obtained if the stream were brought from its actual conditions to standard temperature 
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and pressure. From the given value of 23.8 SCMH, you could (a) calculate the molar flow rate 
(kmol/h) by dividing 23.8 m ? /h by 22.4 m 3 (STP)/kmol, or (b) calculate the true volumetric flow 
rate (m 3 /h) by multiplying 23.8 m 3 /h by (423 K/273 K)(l atm/2.5 atm). (Convince yourself of 
both of these claims.) 



EXAMPLE S^^R Standard and True Volumetric Flow Rates 



The flow rate of a methane stream at 285°F and 1.30 atm is measured with an orifice meter. The 
calibration chart for the meter indicates that the flow rate is 3.95 X 10 5 SCFH. Calculate the molar 
flow rate and the true volumetric flow rate of the stream. 



SOLUTION 



Recall that SCFH means ft 3 (STP)/h. 



3.95 X 10 5 ft 3 (STP) 


1 lb-mole 


h 


359 ft 3 (STP) 



1.10 x 10 3 lb-moles/h 



Note that to calculate the molar flow rate from a standard volumetric flow rate, you don't need to 
know the actual gas temperature and pressure. 

The true volumetric flow rate of the methane is calculated using the method illustrated in Example 
5.2-3, only now we are bringing the gas from standard conditions {T\ = 492°R, Pi = 1.0 atm, V x = 
3.95 X 10 5 ft 3 /h) to actual conditions (T 2 = 745°R, P 2 = 1.30 atm, V 2 = ?). We therefore obtain 

^745°R N 



V 2 = V, 



= (3.95 x 10 3 ft7h) | 



492°R 



' 1.00 atm \ 
,1.30 atm) 



4.60 X 10 5 ft 3 /h 



1. What are standard temperature and pressure? What are the values of V s in the SI, CGS, 
and American Engineering systems? 

2. What happens to the volume of an ideal gas when you double the pressure at a fixed 
temperature? When you double the temperature at a fixed pressure? 

3. What happens to the density of a fixed quantity of an ideal gas when you raise the tem- 
perature at a fixed pressure? When you raise the temperature at a fixed volume? 

4. The volumetric flow rate of an ideal gas is given as 35.8 SCMH. The temperature and 
pressure of the gas are -15°C and 1.5 atm. Is the actual volumetric flow rate of the gas 
(a) <35.8 m 3 /h, (b) 35.8 m 3 /h, (c) >35.8 m 3 /h, or (d) indeterminate without additional 
information? 

5.2c Ideal Gas Mixtures 

Suppose n A moles of substance A, «b moles of B, «c moles of C, and so on, are contained 
in a volume V at a temperature T and total pressure P . The partial pressure p A and pure- 
component volume v A of A in the mixture are defined as follows: 

p A : the pressure that would be exerted by n A moles of A alone in the same total volume 

V at the same temperature T. 
vx' the volume that would be occupied by n A moles of A alone at the total pressure P 

and temperature T of the mixture. 

Suppose next that each of the individual mixture components and the mixture as a whole 
behave in an ideal manner. (This is the definition of an ideal gas mixture.) If there are n moles 
of all species in the volume V at pressure P and temperature T, then 

PV = nRT 

In addition, from the definition of partial pressure, 

p A V = n A RT 



TEST 

YOURSELF 
(Answers, p. 657) 
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Dividing the second equation by the first yields 
Pa "a 



~7T = = ^A 



(the mole fraction of A in the gas) 



or 



Pa = yAP 



(5.2-7) 



That is, the partial pressure of a component in an ideal gas mixture is the mole fraction of that 
component times the total pressure. 4. Moreover, since va + y& + • • • = 1, 

PA + PB + ■■■ = (y A + y B + ---)P = P (5.2-8) 

or, the partial pressures of the components of an ideal gas mixture add up to the total pressure 
(Dalton's law). 

A similar series of calculations can be performed for pure-component volumes: 

Pva = n^RT 



va 
V 



Divide by PV = nRT 
"A 



n 



= yA 



or 



and 



va = v A V 



(5.2-9) 



va + vq + • ■ ■ = V (Amagat's law) 

The quantity v\/ V is the volume fraction of A in the mixture, and 100 times this quantity is 
the percentage by volume (% v/v) of this component. As shown above, the volume fraction of a 
substance in an ideal gas mixture equals the mole fraction of this substance. Stating, for example, 
that an ideal gas mixture contains 30% CH 4 and 70% C 2 Hg by volume (or 30% v/v CH 4 and 
70% v/v C 2 H 6 ) is equivalent to specifying 30 mole% CH 4 and 70 mole% C 2 H 6 . 



TEST 

YOURSELF 
(Answers, p. 658) 



1. A cylinder containing a mixture of N 2 and 0 2 is taken from the basement to the top 
of a 50-story building. Assuming that the temperature remains constant, which of the 
following properties of the gas change during the ascent? (a) mass, (b) weight, (c) absolute 
pressure, (d) gauge pressure, (e) partial pressure of N 2 , (f) pure-component volume of 0 2 . 
(g) density, (h) specific molar volume. 

2. An ideal gas mixture at 10 bar absolute and 200°C in a 100-m 3 tank contains 50 mole% 
H 2 and 50 mole% N 2 . What is the partial pressure of H 2 ? What is the pure-component 
volume of H 2 ? What would happen to pu 2 and vh 2 if the temperature were raised? 

3. An ideal gas mixture at 10 atm absolute contains 50 wt% H 2 and 50 wt% N 2 . Is the partial 
pressure of H 2 less than, equal to, or greater than 5 atm? 



ipCAMP£jE;5.2?&, Material Balances on an Evaporator-Compressor 



9 

Equipment 
Encyclopedia 

evaporator, 
compressor 



Liquid acetone (C 3 H 6 0) is fed at a rate of 400 L/min into a heated chamber, where it evaporates 
into a nitrogen stream. The gas leaving the heater is diluted by another nitrogen stream flowing at 
a measured rate of 419 m 3 (STP)/min. The combined gases are then compressed to a total pressure 
P = 6.3 atm gauge at a temperature of 325°C. The partial pressure of acetone in this stream is 
p a = 501 mm Hg. Atmospheric pressure is 763 mm Hg. 



4 Equation 5.2-7 is often used as the definition of the partial pressure. For an ideal gas mixture, the definition 
given and Equation 5.2-7 are equivalent; for a nonideal gas the concept of partial pressure has little utility. 
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1. What is the molar composition of the stream leaving the compressor? 

2. What is the volumetric flow rate of the nitrogen entering the evaporator if the temperature and 
pressure of this stream are 27°C and 475 mm Hg gauge? 



SOLUTION 



Basis: Given Feed Rates 

Assume ideal gas behavior. Let h\, h 2 , . . . (mol/min) be the molar flow rates of each stream. 



V' 1 (m 3 /min) 
rijdnol N 2 /min) 



27°C, 475 mm Hg gauge 
400 L/min C 3 H 6 0 (/) 



/i 2 (mol/min) 



EVAPORATOR 



COMPRESSOR 



/i 4 (mol/min) 



y 4 (mol C 3 H 6 0/mol) 
1 - y 4 (mol N 2 /mol) 
6.3 atm gauge, 325°C 
p 3 = 501 mm Hg 



419 m 3 (STP) N 2 /min 
/i 3 (mol/min) 



You should be able to examine the flowchart and see exactly how the solution will proceed. 

1. Calculate h 2 (from the given volumetric flow rate and a tabulated density of liquid acetone), n 3 
(from the ideal gas equation of state), and y 4 ( = pj P). 

2. Calculate h 4 (overall acetone balance), h\ (overall mass balance), and V\ (ideal gas equation 
of state). 

Calculate Molar Flow Rate of Acetone 

From Table B.l in Appendix B, the density of liquid acetone is 0.791 g/cm 3 (791 g/L), so that 

mol C 3 H 5 0 



n 2 = 



400 L 


791 g 


1 mol 


min 


L 


58.08 g 



= 5450 



nun 



Determine Mole Fractions from Partial Pressures 

In the stream leaving the compressor, 



Pa 

P 



/mol C 3 H 6 0 



mol 



P — Pgsmge Patm 



6.3 atm 


760 mm Hg 




1 atm 



so that 



y4 = f°. lmmHg - 0-0903 m0lC3H *° 



1 - y A = 0.9097 



5550 mm Hg 
mol N 2 



mol 



mol 



Calculate «3 from PVT Information n 3 = 
Overall Mole Balance on Acetone h 2 = h^yi 



419 m 3 (STP) 


1 mol 


min 


0.0224 m 3 (STP) 



= 18,700 521 
min 



h 2 = 5450 mol/min 
y 4 = 0.0903 

n 4 = 60,400 mol/min 
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Overall Mole Balance 



h\ + «2 + «3 = «4 

hi = 5450mol/min 
h 3 = 18,700 mol/min 
n 4 = 60,400 mol/min 

hi = 36,200 mol/min 



Ideal gas equation of state 
7\ = 27°C (300 K) 

/, = 475 mm Hg gauge (1238 mm Hg) 



n % T s P, 



36,200 mol/min 


0.0224 m 3 


300 K 


760 mm Hg 




1 mol 


273 K 


1238 mm Hg 



Vi = 550 m 3 N 2 /min 



5.3 EQUATIONS OF STATE FOR NONIDEAL GASES 

The ideal gas is the basis of the simplest and most convenient equation of state: solving it is triv- 
ial, regardless of which variable is unknown, and the calculation is independent of the species 
of the gas and is the same for single species and mixtures. Its shortcoming is that it can be 
seriously inaccurate. At a sufficiently low temperature and/or a sufficiently high pressure, a 
value of V predicted with the ideal gas equation could be off by a factor of two or three or 
more in either direction. Making things worse, the predicted value for one species at a given 
temperature and pressure could be much too high, that for another species at the same T 
and P could be much too low, and that for a third species could be quite close to the true 
value. 

In this section we introduce several more complex but more accurate equations of state for 
single species: the virial equation, the van der Waals equation, and the Soave-Redlich-Kwong 
equation. In Section 5.4 we introduce another approach to nonideal gas analysis that makes 
use of compressibility factors, and we describe Kay's rule, a method for performing PVT calcu- 
lations on gas mixtures. 

5.3a Critical Temperature and Pressure 

How well or poorly the ideal gas equation of state fits PVT data for a species often depends 
on the values of the system temperature and pressure relative to two physical properties of 
the species— the critical temperature (T c ) and critical pressure (P c ). Values of these critical 
constants can be looked up in Table B.l and in most standard chemical reference handbooks. 
Let us first consider their physical significance and then see how they are used in nonideal gas 
calculations. 

Suppose a quantity of water is kept in a closed piston-fitted cylinder. 




H 2 o 

(T.P) 
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The cylinder temperature is first set to a specified value with the cylinder pressure low enough 
for all the water to be vapor; then the water is compressed at constant temperature by lowering 
the piston until a drop of liquid water appears (i.e., until condensation occurs). The pressure at 
which condensation begins (P con( i) and the densities of the vapor (p v ) and of the liquid (pi) at 
that point are noted, and the experiment is then repeated at several progressively higher tem- 
peratures. The following results might be obtained (observe the pattern for the three observed 
variables as T increases): 



Run 


r(°C) 


P cond (atm) 


p v (kg/m 3 ) 


p,(kg/m 3 ) 


1 


25.0 


0.0329 


0.0234 


997.0 


2 


100.0 


1.00 


0.5977 


957.9 


3 


201.4 


15.8 


8.084 


862.8 


4 


349.8 


163 


113.3 


575.0 


5 


373.7 


217.1 


268.1 


374.5 


6 


374.15 


218.3 


315.5 


315.5 


7 


>374.15 


No condensation occurs! 



Notice what happens. At 25°C, water condenses at a very low pressure, and the density 
of the liquid is more than four orders of magnitude greater than that of the vapor. At higher 
temperatures, the condensation pressure increases and the densities of the vapor and liquid at 
condensation approach each other. At 374.15°C, the densities of the two phases are virtually 
equal, and above that temperature no phase separation is observed, no matter how high the 
pressure is raised. 

In general, the highest temperature at which a species can coexist in two phases (liquid and 
vapor) is the critical temperature of that species, T c , and the corresponding pressure is the critical 
pressure, P c . A substance at T c and P c is said to be at its critical state. The above experiment 
demonstrates and Table B.l confirms that, for water, T c = 374. 15° C and P c = 218.3 atm. 

The terms "gas" and "vapor" are often used interchangeably, but there is a technical differ- 
ence between them that you are now in a position to understand. A vapor is a gaseous species 
below its critical temperature, and a gas is a species above its critical temperature at a pressure 
low enough for the species to be more like a vapor than a liquid (i.e., a density closer to 1 g/L 
than 1000 g/L). You can condense a vapor by compressing it isothermally, but while you can 
make a gas denser and denser by compressing it isothermally you will never achieve a separa- 
tion into two phases. Substances at temperatures above T c and pressures above P c are referred 
to as supercritical fluids. 



TEST 

YOURSELF 
(Answers, p. 658) 



Equipment 
Encyclopedia 

compressor 



The critical temperature and pressure of isopropanol (isopropyl alcohol) are T c = 508.8 K and 
P c = 53.0 atm. 

1. Isopropanol is in a gaseous state at T = 400 K and P = 1 atm. Would it be classified as a 
vapor or a gas? 

2. Isopropanol is compressed isothermally at 400 K until at pressure P a a liquid phase forms. 
The vapor and liquid densities at that point are, respectively, p va and pi a . In a second 
experiment, isopropanol is compressed at 450 K until condensation occurs, at which point 
the pressure and vapor and liquid densities are Pb» Pvb> and pit,. What are the relationships 
(>, = , <, or ?) between (a) P a and Pt,, (b) p va and p V b, and (c) p ]a and p lb ? 

3. If isopropanol at 550 K and 1 atm is compressed isothermally to 100 atm, will a condensate 
form? What term might you use to refer to the fluid at its initial condition? At its final 
condition? 
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5.3b Virial Equations of State 

A virial equation of state expresses the quantity PVf RT as a power series in the inverse of 
specific volume: 

PV , B C D 

RT =l+ t + fl + ^ + -" (5-3-1) 

where B, C, and D are functions of temperature and are known as the second, third, and 
fourth virial coefficients, respectively. This equation of state has a theoretical basis in statistical 
mechanics but procedures for estimating the coefficients are not well developed, especially for 
those beyond B . Note that the ideal gas equation of state is obtained if fl = C = D= •••=(). 
Truncating the virial equation of state after the second term yields 

PV , B 

Rf = 1+ f (5-3-2) 

Reid et al. (see footnote 1) caution against using this equation for polar compounds (asymmet- 
rical compounds with a nonzero dipole moment, such as water). The following procedure may 
be used to estimate V or P for a given T for a nonpolar species (one with a dipole moment 
close to zero, such as hydrogen and oxygen and all other molecularly symmetrical compounds). 

• Look up the critical temperature and pressure (T c and P c ) for the species of interest in Table 
B.l or elsewhere. Also look up the Pitzer acentric factor, w. a parameter that reflects the 
geometry and polarity of a molecule. Table 5.3-1 lists values of a> for selected compounds, 
and a more complete list can be found in Reid et al. 

Table 53-1 Pitzer Acentric Factors 



Compound Acentric Factor, o> 



Ammonia 


0.250 


Argon 


-0.004 


Carbon dioxide 


0.225 


Carbon monoxide 


0.049 


Chlorine 


0.073 


Ethane 


0.098 


Hydrogen sulfide 


0.100 


Methane 


0.008 


Methanol 


0.559 


Nitrogen 


0.040 


Oxygen 


0.021 


Propane 


0.152 


Sulfur dioxide 


0.251 


Water 


0.344 



SOURCE: R. C. Reid, J. M. Prausnitz, and B. E. 
Poling, The Properties of Gases and Liquids, 4th 
Edition, McGraw-Hill, New York, 1986. 



• Calculate the reduced temperature, T T = T/T c 

• Estimate B using the following equations: 



0.42 2 



B 0 = 0.083 - (5.3-3) 



B X = 0.139 - (5.3-4) 

* r 

_ RT C , 

B = —(B 0 +a>B 1 ) (5.3-5) 
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• Substitute into Equation 5.3-2 the values of B and whichever of the variables P and £ is 
known and solve for the other variable. Solution for P is straightforward. If V is to be de- 
termined, the equation can be rearranged into a quadratic and solved using the quadratic 
formula. Normally one of the two solutions is reasonable and the other is not and should be 
discarded; if there is any doubt, estimate V from the ideal gas equation of state and accept 
the virial equation solution that comes closest to Videai- 



EXAMFE&5i3~n The Truncated Virial Equation 



Two gram-moles of nitrogen is placed in a three-liter tank at - 150.8° C. Estimate the tank pressure 
using the ideal gas equation of state and then using the virial equation of state truncated after the 
second term. Taking the second estimate to be correct, calculate the percentage error that results 
from the use of the ideal gas equation at the system conditions. 



SOLUTION 



T = (-150.8 + 273.2) K = 122.4 K, and V = 3.00 L/2.00 mol = 1.50 L/mol. From the ideal gas 
equation of state, 



Pideal — 



RT 


_ 0.08206 L- atm 


123 K 


1 mol 


V 


mol-K 




1.50 L 



6.73 atm 



The virial equation solution procedure is as follows: 



Table B.l = 
Table 5.3-1 

T 

T c ~ 126.2 K 
• Equation 5.3-3 => 



• T r 



=> (7/ c ) N2 = 126.2 K, (P C ) N2 = 33.5 atm 
=> wn 2 = 0.040 
122.4 K 



Equation 5.3-4 



Equation 5.3-5 



Equation 5.3-2 



0.970 

0 422 

So = °-° 83 " 0970^ = -°- 36 
0 172 

fil = ai39 -a97b^ = - a056 

0.08206 L at "! 1(126.2 K) 



B = 



mol-K 



33.5 atm 
-0.113 L/mol 



[-0.36 + 0.040(-0.056)] 



r. RT L B 

P = — 1 + - 

V \ V 



0.08206^^(122.4 K) 

mol-K J / -0.113 L/mol \ 

1.50 L/mol \ + 1.50 L/mol j 

The error in the pressure calculated using the ideal gas equation of state is 

■Pideal ~ P 



6.19 atm 



X 100% = 



8.7% error 



Other forms of the virial equation of state have been developed for specific compounds and 
mixtures. For example, the Benedict- Webb-Rubin (B WR) equation, which has eight empirical 
constants, has been used extensively for light hydrocarbons and other nonpolar gases. Perry's 
Chemical Engineers' Handbook (see footnote 2) describes the BWR equation of state and gives 
the eight constants for a number of gases on pp. 3-270 to 3-272. 
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5.3c Cubic Equations of State 

A number of analytical PVT relationships are referred to as cubic equations of state because, 
when expanded, they yield third-order equations for the specific volume. The van der Waals 
equation of state is the earliest of these expressions, and it remains useful for discussing devi- 
ations from ideal behavior. 



P = 



RT 



a 

^2 



(53-6) 



where 



a = 



21R 2 Tl 
64/> c 



RT C 



In the van der Waals derivation, the term a/ V 2 accounts for attractive forces between molecules 
and b is a correction accounting for the volume occupied by the molecules themselves.- 

Reid, Prausnitz, and Poling (see footnote 1) discuss other important cubic equations of 
state including the Redlich-Kwong, Soave-Redlich-Kwong (SRK), and Peng-Robinson equa- 
tions. These equations are empirical but have proved remarkably robust in describing a wide 
variety of systems. Here we will use the SRK expression to illustrate the general characteristics 
of cubic equations of state. 

The SRK equation of state is 



P = - 



RT 



aa 



V-b 



(53-7) 



V(V + b) 

where the parameters a,b, and a are empirical functions of the critical temperature and pres- 
sure (T c and P c from Table B.l), the Pitzer acentric factor (<d from Tabte 53-1 ). and the svstem 
temperature. The following correlations are used to estimate these three parameters: 

{RT,) 2 



a = 0.42747 



(53-8) 



RT 

b = 0.08664 — 
Pc 

m = 0.48508 + 1.55171o> - 0.1561a> : 
T t = t/T c 



a — 



1 +m 1 



(53-9) 

(53-10) 
(53-11) 

(53-12) 



EXAMPLE 5.3-2\ The SRK Equation of State 



SOLUTION 



A gas cylinder with a volume of 2.50 m 3 contains 1.00 kmol of carbon dioxkre at T 
SRK equation of state to estimate the gas pressure in atm. 



= 300 K. Use the 



The specific molar volume is calculated as 

V 



2.5 m 3 


10 3 L 


1 kmol 


1.00 kmol 


1 m 3 


10 3 mol 



= 2.50 Ltdoi 



5 B. G. Kyle, Chemical and Process Thermodynamics, 2nd Edition, Prentice Hall. Er-desocc CMs. 1991 - 41 
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From Table B.1,7 C = 304.2 K and P c = 72.9 atm, and from Table 5.3-1, o> = 0.225. The parameters 
in the SRK equation of state are evaluated using Equations 5.3-7 through 5.3-12: 

Equation 5.3-8 =J> a = 0.42747 ilPjPjjPj L-atm/(mol-K)](304.2 K)} 2 

72.9 atm 

= 3.654 L 2 atm/mol 2 

Equation 5.3-9 => = 0.08664 [0-08206 L-atm/(mol-K)](3042 K) 

72.9 atm 

= 0.02967 L/mol 
Equation 5.3-10 ==> m = 0.8263 
Equation 5.3-11 => T r = 0.986 
Equation 5.3-12 => a = 1.0115 
The SRK equation (5.3-7) can now be solved for the tank pressure: 
RT aa 



P = 



V -b V(V + b) 

[0.08206 L-atm/(mol-K)](300 K) 1.0115(3.654 L 2 -atm/mol 2 ) 



[(2.50 - 0.02967)L/mol] (2.50 L/mol)[(2.50 + 0.02967) L/mol] 



9.38 atm 



Use of the ideal gas equation of state leads to an estimated pressure of 9.85 atm (verify ), a deviation 
of 5% from the more accurate SRK-determined value. 



Evaluation of a system volume from a given temperature and pressure using a cubic equa- 
tion of state requires a trial-and-error procedure. A spreadsheet is ideally suited to solving 
problems of this type. The next example illustrates the procedure. 

EXAMPLE 5.3-3 . Estimation of Volumes Using the SRK Equation of State 



A stream of propane at temperature T = 423 K and pressure P (atm) flows at a rate of 100.0 kmol/h. 
Use the SRK equation of state to estimate the volumetric flow rate of the stream for P = 0.7 atm, 
7 atm, and 70 atm. In each case, calculate the percentage differences between the predictions of the 
SRK equation and the ideal gas equation of state. 



SOLUTION 



The calculation of V(L/mol) proceeds as follows: the SRK equation of state is written in the form 

RT 



f(V) = P - 



+ — = 0 

V - b V(V + b) 



the values of T C ,P Q , and w are looked up; a , b , and a are calculated from the given formulas; specified 
values of T and P are substituted; and the value of V for which /( V) = 0 is found by trial and error. 
The percentage difference between V S rk and V i<ieal (= RT j P) is 



V s 



RK 



Once V is known for a given P, the volumetric flow rate corresponding to a molar flow rate of 100.0 
kmol/h is obtained as 



^(m 3 ^) 



V (L) 


10 3 mol 


1 m 3 


100.0 kmol 


(mol) 


1 kmol 


10 3 L 


h 



= 100.0V(L/mol) 



The calculations are performed easily with a spreadsheet. In Figure 5.3-1 we show one of many 
possible spreadsheet configurations that might be created for this purpose, along with the formulas 
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A 


B 


C 


D 


E 


F 


1 


Spreadsheet for Example 5.3-3 


2 














3 


T c - 


JU7.7 


p — 




(l) — 




4 


a = 




h — 
u — 


U.UOZ.OZ 


111 — 


0 717^ 


5 


T — 
I — 




T — 
1 r — 






0 903 


6 














7 


P 


v ideal 


V 


i(v) 


L) 


V 


8 


(atm) 


(L/mol) 


(L/mol) 


(atm) 


(%) 


(m 3 /h) 


9 
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3.9% 
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70 


0.4959 
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9.2E-5 
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28.9 



[B4] 




0.42747*(0.08206*B3)**2/D3 


[D4] 




0.08664*0.08206 * B3/D3 


[F4] 




0.48508+ 1.55171*F3-0.1561*F3**2 


[D5] 




B5/B3 


[F5] 




(1+F4*(1-SQRT(D5)))**2 


[B9] 




0.08206*$B$5/A9 


[C9] 




49.588 


[D9] 




A9-0.08206*$B$5/(C9-$D$4)+$F$5*$B$4/(C9*(C9+$D$4)) 


[E9] 




100*(B9-C9)/C9 


[F9] 




100*C9 



Figure 5.3-1 Spreadsheet for Example 5.3-3. 

entered into selected cells. The critical constants of propane (T c = 369.9 K and P Q = 42.0 atm) 
come from Table B.l and the Pitzer acentric factor (w = 0.152) comes from Table 5.3-1. In the 
spreadsheet formulas, a double asterisk signifies exponentiation. (Many spreadsheets use the carat 
symbol for this purpose.) Notice that the ideal gas equation of state works very well at 0.7 atm and 
reasonably well at 7 atm, but for 70 atm the differences between the two estimates of V are con- 
siderable. 

When the spreadsheet is constructed, the displayed contents of Rows 1, 3-5, 7, and 8 are entered 
exactly as shown except for the given formulas in Cells B4, D4, F4, D5, and F5. After the cell contents 
of Row 9 have been entered they are copied into Rows 10 and 11, and the pressures in Column A are 
then changed to their desired values. The entries in Cells C9-C11 (the initial guesses for V) are the 
values copied from the adjacent cells in Column B (the values obtained using the ideal gas equation 
of state). The correct values are then obtained by trial and error; for example, the value in Cell C9 
would be varied until the value in Cell D9 is sufficiently close to zero, and similarly for Rows 10 and 
11. The search is conveniently done using the spreadsheet's goalseek tool. If you are not experienced 
in the use of spreadsheets, it might be useful to construct this one and attempt to reproduce the given 
results. 



Remember that the SRK equation of state (and every other equation of state) is itself an 
approximation. Referring back to the preceding example, a published study provides experi- 
mental data for the PVT behavior of propane. 6 The data indicate that at 423 K and 70 atm, 



6 R. D. Gray, N. H. Rent, and D. Zudkevitch, AlChE Journal 16, 991(1970). 
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the value of V is 0.2579 L/mol. The percentage error in the SRK estimate (V = 0.2890 L/mol) 
is a far from insignificant 12%, and that in the ideal gas estimate (V - 0.4959 L/mol) is 
92%. 

All equations of state have parameters obtained by fitting empirical expressions to exper- 
imental PVT data. The fit may be excellent in the temperature and pressure ranges where the 
data were obtained but may be terrible elsewhere. You should always try to ascertain the re- 
gion of validity of any equation of state you intend to use. At conditions far removed from this 
region, you have no assurance of the accuracy of the equation. 



TEST 

YOURSELF 
(Answers, p. 658) 



1. Why is the SRK equation of state called a cubic equation of state? 

2. What physical properties of a species do you have to look up in order to use the SRK 
equation of state? Where can you find values of these properties in this text? 

3. The SRK equation of state is to be used to determine one of the variables T, P, and V 
from given values of the other two. Rank the following problems from easiest to most 
difficult: (a) given T and P, find V; (b) given T and V, find P; and (c) given P and V, 
findJ. 

4. Explain in your own words why estimates obtained using an equation of state may be 
inaccurate and when you need to be particularly skeptical of them. 



(5.4-1) 



5.4 THE COMPRESSIBILITY FACTOR EQUATION OF STATE 

The compressibility factor of a gaseous species is defined as the ratio 

PV 
Z ~ RT 

If the gas behaves ideally, z = 1. The extent to which z differs from 1 is a measure of the extent 
to which the gas is behaving nonideally. 

Equation 5.4-1 may be rearranged to form the compressibility factor equation of state, 

PV = zRT (5.4-2a) 

or since V = v/n for a fixed quantity of gas and V j h for a flowing stream, 

PV = znRT (5.4-2b) 

PV = znRT (5.4-2c) 

An alternative to using a nonideal gas equation of state like those described in Section 5.3 
is to determine z and substitute it into Equation 5.4-2a, 5.4-2b, or 5.4-2c. The next section 
describes an application of this method to a system for which tabulated z values are available. 
The following sections outline methods for estimating z in the absence of tabulated data. 



5.4a Compressibility Factor Tables 

Perry's Chemical Engineers' Handbook (see footnote 2), pp. 2-140 through 2-150, gives values 
of z(T,P) for air, argon, CO2, CO, H2, CH4, N 2 , O2, steam, and a limited number of other 
compounds. Once z is known, it can be substituted in the compressibility factor equation of 
state, which may in turn be solved for whichever variable is unknown. 



f M^MPL^5^^M Tabulated Compressibility Factors 

Fifty cubic meters per hour of methane flows through a pipeline at 40.0 bar absolute and 300.0 K. 
Use z from page 2-144 of Perry's Chemical Engineers' Handbook to estimate the mass flow rate in 
kg/h. 
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SOLUTION From the given reference, z = 0.934 at 40.0 bar and 300.0 K. Rearranging Equation 5.4-2c yields 

= 85.9 kmol/h 



PV 


(40.0 bar)(50.0 m 3 /h) 


kmol-K 


101.325 kPa 


zRT 


(0.934)(300.0 K) 


8.314 m 3 -kPa 


1.01325 bar 



85.9 kmol 


16.04 kg _ 


1370 kg/h 




m = 






h 


kmol 





5.4b The Law of Corresponding States and Compressibility Charts 

It would be convenient if the compressibility factor at a single temperature and pressure were 
the same for all gases, so that a single chart or table of z(T, P) could be used for all PVT cal- 
culations. Nature is not that accommodating, unfortunately; for example, z for nitrogen at 0°C 
and 100 atm is 0.9848 while z for carbon dioxide at the same temperature and pressure is 
0.2020. Consequently, to use tabulated z values for all PVT calculations as in the preceding 
example you would have to measure compressibilities as functions of temperature and pres- 
sure separately for every chemical species. Equations of state such as the van der Waals and 
the Soave-Redlich-Kwong equations were developed to avoid having to compile the massive 
volumes of z data that would be involved in such an effort. 

An alternative approach is presented in this section. We will show that z can be estimated 
for a species at a given temperature, T, and pressure, P, with this procedure: 

1. Look up (e.g., in Table B.l) the critical temperature, T c , and critical pressure, P c , of the 

species. , , 

2. Calculate the reduced temperature, T r = T/T c , and reduced pressure, P x = P/ Pc- 

3. Look up the value of z on a generalized compressibility chart, which plots z versus P T for 
specified values of T T . 

The basis for estimating z in this manner is the empirical law of corresponding states, which 
holds that the values of certain physical properties of a gas— such as the compressibility factor- 
depend to great extent on the proximity of the gas to its critical state. The reduced temperature 
and pressure provide a measure of this proximity; the closer T v and P x are to 1, the closer the 
gas is to its critical state. This observation suggests that a plot of z versus T T and F r should be 
approximately the same for all substances, which proves to be the case. Such a plot is called the 
generalized compressibility chart. 7 

Figure 5 4-1 shows a generalized compressibility chart for those fluids having a critical 
compressibility factor of 0.27. 8 Conditions for both gases and liquids are illustrated, although in 
our discussions here we only consider estimation of z for gases. Note the increasing deviations 
from ideal gas behavior as pressures approach P c (i.e., when P t 1). 

Figures 5.4-2 through 5.4-4 are expansions of various regions of Figure 5.4-1. The parame- 
ter yideal is i ntro duced in these figures to eliminate the need for trial-and-error calculations m 
problems where either temperature or pressure is unknown. This parameter is defined in terms 
of the ideal critical volume 9 as 

V ide a i _ = I = ^ (5.4-3) 

V r y ideal RTjP c RT, 



7 L. C. Nelson and E. F. Obert, Trans. ASME, 76, 1057(1954). 

8 An extension of the generalized charts that provides somewhat greater accuracy also allows for a dependence 
of z(T, P) on Zc, the compressibility factor at the critical point, which generally vanes between 0.25 and 0.29. 
9 V ,deai '_ rt /P is the specific molar volume that would be calculated by the ideal gas equation of state for 
temperature T c 'and pressure P e . It has no physical significance for the gas in question, unlike T e , Pc, and the 
critical volume V c , another property of the gas. 
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Reduced pressure, P, 

Figure 5.4-1 (Reprinted with permission from Chemical Process Principles 
Charts, 2nd Edition, by O. A. Hougen, K. M. Watson, and R. A. Ragatz, John 
Wiley & Sons, New York, 1960.) 



The procedure for using the generalized compressibility chart for PVT calculations is as 
follows: 

1. Look up or estimate the critical temperature, T c , and pressure, P c , of the substance of 
interest (Table B.l). 

2. If the gas is either hydrogen or helium, determine adjusted critical constants from the 
empirical formulas 

Tl = T c + 8 K (5.4-4) 
Pi = P c + 8 atm (5.4-5) 

These equations are known as Newton's corrections. 

3. Calculate reduced values of the two known variables (temperature and pressure, temper- 
ature and volume, or pressure and volume) using the definitions 

T r = f (5.4-6) 

* c 

Pr = ~ (5.4-7) 

yideal = PcV 
r RT C 



5.4 The Compressibility Factor Equation of State 209 




0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 



Reduced pressure, P, 

Figure 5.4-2 Generalized compressibility chart, low pressures. (From D. M. Himmelblau, Basic 
Principles and Calculations in Chemical Engineering, 3rd Edition, copyright © 1974, p. 175. Reprinted 
by permission of Prentice Hall, Inc., Englewood Cliffs, NJ.) 



Don't forget to perform whatever unit conversions may be necessary to make the calcu- 
lated reduced variables dimensionless. If the gas is Hi or He, substitute for T c and P c the 
adjusted values of these quantities calculated in Step 2. All temperatures and pressures 
used in these calculations must be absolute. 
4. Use the compressibility charts to determine the compressibility factor, and then solve for 
the unknown variable from the compressibility-factor equation of state (Equation 5.4-2). 

The compressibility-factor equation of state used in conjunction with the generalized com- 
pressibility chart is not generally as accurate as a multiple-constant equation of state for PVT 
calculations under highly nonideal conditions. Furthermore, it lacks precision and cannot read- 
ily be adapted to computer calculations. Its advantages include relative computational simplic- 
ity and (as will be shown) adaptability to multicomponent gas mixtures. 



SOLUTION 



The Generalized Compressibility Chart 

One hundred gram-moles of nitrogen is contained in a 5-liter vessel at -20.6°C. Estimate the pres- 
sure in the cylinder. 

From Table B.1, the critical temperature and pressure of nitrogen are 

T c = 126.2 K, P c = 33.5 atm 

The reduced temperature and volume are calculated from Equations 5.4-6 and 5.4-7 as 

T (-20.6 + 273.2) K _ 
7r ~ 7V 126TK 2 -°° 



/ideal _ 



VP C 


5 L 


33.5 atm 


mol-K 


RT C 


100 mol 


126.2 K 


0.08206 L- atm 



= 0.161 
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Reduced pressure, P, 

Figure 5.4-3 Generalized compressibility chart, medium pressures. (From D. M. Himmelblau, Ba- 
sic Principles and Calculations in Chemical Engineering, 3rd Edition, copyright © 1974, p. 176. 
Reprinted by permission of Prentice Hall, Inc., Englewood Cliffs, NX) 



From Figure 5.4-4, the intersection of T t = 2 and Vj deal = 0.161 occurs at approximately z = 1.77. 
From Equation 5.4-2a, we can now calculate 



P = 



zRT 



1.77 


0.08206 L- atm 


252.4 K 




mol-K 


0.05 L/mol 



733 atm 



Note: You could also read the value of P r at the intersection and calculate P = P r P c ; however, it 
is generally more accurate to calculate unknown variables by first determining z and then using the 
equation of state, as was done above. 



TEST 1. Suppose you need to know the volume that would be occupied by 10 kmol of H 2 at 

YOURSELF -190°C and 300 atm. Would you consider it reasonable to use a value calculated from 

(Answers, p. 658) the ideal gas equation of state? How would you use the generalized compressibility chart 

for this calculation? 

2. Why would a chart such as that in Figure 5.4-1 be useless if T and P were the chart pa- 
rameters? 

3. What is the law of corresponding states, and how does it provide a basis for the generalized 
compressibility chart? 

5.4c Nonideai Gas Mixtures 



Whether an analytical or graphical correlation is used to describe nonideai gas behavior, dif- 
ficulties arise when the gas contains more than one species. Consider, for example, the SRK 
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0 5 10 15 20 25 30 35 

Reduced pressure, P, 



Figure 5.4-4 Generalized compressibility chart, high pressures. (From D. M. Himmelblau, Basic 
Principles and Calculations in Chemical Engineering, 3rd Edition, copyright © 1974, p. 177. Reprinted 
by permission of Prentice Hall, Inc., Englewood Cliffs, NX) 

equation of state (Equation 5.3-7): How would you estimate the parameters a, b , and a if the 
gas consisted of methane, carbon dioxide, and nitrogen? Mixture rules developed for such cir- 
cumstances are summarized by Reid. Prausnitz, and Poling (see footnote 1). We will illustrate 
PVT calculations for mixtures with a simple rule developed by Kay 10 that utilizes the general- 
ized compressibility charts. 

Kay's rule estimates pseudocritical properties of mixtures as simple averages of pure- 
component critical constants: 11 

Pseudocritical Temperature: T' c = y\T cA + vb^ c b + yc^cC + '" (5.4-9) 

Pseudocritical Pressure: P' c = va^cA + vb-Pcb + yc^cC + ••• (5.4-10) 

where va, y&, ■ ■ ■ are mole fractions of species A, B, . . . in the mixture. Assuming that the 
system temperature T and pressure P are known, the pseudocritical properties can be used to 
estimate the pseudoreduced temperature and pressure of the mixture: 

Pseudoreduced Temperature: T' x = T/T' c (5.4-11) 

Pseudoreduced Pressure: P' T = P/ P' c (5.4-12) 

The compressibility factor for a gas mixture, z m , can now be estimated from the compressibility 
charts and the pseudoreduced properties, and V for the mixture can be calculated as 

V = ^ (5.4-13) 



10 W. B. Kay, Ind. Eng. Chem., 28, 1014(1936). 

"The pseudocritical constants are simply empirical parameters that have been found useful for correlating the 
physical properties of a mixture. Unlike T c and P c for a single component, and P' c have no physical significance. 
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TEST 

YOURSELF 
(Answers, p. 658) 

EXAMPLE j5:4r3\ 



SOLUTION 



As with single-component gases, if you know V and either T or P you can estimate the ideal 
pseudoreduced volume Vj deal = VP'jRT' c and use the other known reduced property to de- 
termine the unknown temperature or pressure from the compressibility chart. 

Like the theory of corresponding states on which it is based, Kay's rule provides only ap- 
proximate values of the quantities it is used to calculate. It works best when used for mixtures 
of nonpolar compounds whose critical temperatures and pressures are within a factor of two 
of one another. Reid, Prausnitz, and Poling (see footnote 1) provide more complex but more 
accurate mixing rules for systems that do not fall into this category. 

What is Kay's rule? How would you use it to calculate the specific molar volume of an equimolar 
mixture of gases at a given temperature and pressure? For what types of gases would you have 
the greatest confidence in the answer? 



A mixture of 75% H 2 and 25% N 2 (molar basis) is contained in a tank at 800 atm and -70°C. 
Estimate the specific volume of the mixture in L/mol using Kay's rule. 

Critical Constants: From Table B.1: 
H 2 : T c = 33 K 

7/ c a = (33 + 8) K = 41 K (Newton's correction: Equation 5.4-4) 
P c = 12.8 atm 

Pi = (12.8 + 8) atm = 20.8 atm (Newton's correction: Equation 5.4-5) 
N 2 : I c = 126.2 K 
P c = 33.5 atm 

Pseudocritical Constants: From Equations 5.4-9 and 5.4-10: 

T' c = y H2 (Tc)H 2 + yu 2 (T c )u 2 = 0.75 X 41 K + 0.25 X 126.2 K = 62.3 K 

K = yH 2 (P a c h 2 + yu 2 (Pc)N 2 = 0.75 X 20.8 atm + 0.25 X 33.5 atm = 24.0 atm 

Reduced Conditions: T = (-70 + 273) K = 203 K, P = 800 atm 




203 K 
62.3 K 



= 3.26 




800 atm 
24.0 atm 



= 33.3 



Mixture Compressibility: From Figure 5.4-4: 



Calculation of Specific Volume 



z m (r; = 3.26, p; = 33.3) = 1.86 

PV = z m RT 




0.0387 -=- 
mol 
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5.5 SUMMARY 

Problems often arise that call for determining the value of one of the four variables P, T , V . 
and n (or V and h) for a process material from known values of the other three. 

• If the material is a solid or liquid and consists of a single species, look up the specific grav- 
ity or density in Table B.l or one of the references on p. 187. As a first approximation, 
assume that the tabulated value is independent of temperature and pressure. For a more 
refined estimate, find and apply a correlation for the dependence of the density on tempera- 
ture. 

• If the material is a liquid mixture, either find a table of mixture density as a function of com- 
position or assume volume additivity and estimate the mixture density from either Equa- 
tion 5.1-1 or Equation 5.1-2. If the material is a dilute liquid solution, either find a table 
of mixture density as a function of composition or take -the density to be that of the pure 
solvent. 

• If the material is a gas. the ideal gas equation of state (PV = nRT) may provide a reasonable 
approximation for PVT calculations. The equation works best at low pressures (on the order 
of 1 atm or less) and high temperatures (generally not much lower than 0°C). A rule of thumb 
is that the ideal gas equation provides reasonable estimates if RT/P is greater than 5 L/mol 
for diatomic gases and greater than 20 L/mol for other gases. 

• Standard temperature and pressure (STP) are generally defined as 0°C and 1 atm. These val- 
ues and the corresponding standard specific volume, V s = 22.4 L(STP)/mol 359 ft J - 
(STP)/lb-mole, can be used in conjunction with Equation 5.2-5 for PVT calculations on 
ideal gases. 

• The partial pressure of a component in an ideal gas mixture is y,P, where y/ is the mole frac- 
tion of the component and P is the total absolute pressure. The component partial pressures 
add up to the total pressure. 

• The volume percent of a component in an ideal gas mixture (%v/v) is the same as the mole 
percent of that component. If the gas mixture is nonideal, the volume percent has no useful 
meaning. 

• The critical temperature T c of a species is the highest temperature at which isothermal com- 
pression of the species vapor results in the formation of a separate liquid phase, and the crit- 
ical pressure is the pressure at which that phase forms. Isothermal compression of a species 
above its critical temperature — a gas (as opposed to vapor) or supercritical fluid— results in 
a fluid of increasing density but not a separate liquid phase. 

• If process conditions are such that the ideal gas equation of state is a poor approximation, a 
more complex species-specific equation of state must be used. Most such equations, includ- 
ing the Soave-Redlich-Kwong (SRK) equation of state, contain adjustable parameters that 
depend on the critical temperature and pressure of the species and possibly other factors 
that depend on the molecular geometry and polarity of the species. 

• An alternative to using quadratic equations of state (such as the truncated virial equation) 
and cubic equations of state (such as the SRK equation) is to use the compressibility-factor 
equation of state: PV = znRT. The compressibility factor z, defined as the ratio PV RT. 
equals 1 if the gas behaves ideally. For some species it may be looked up in a table (e.g.. in 
Perry's Chemical Engineers' Handbook) or, more generally, estimated from the generalized 
compressibility charts (Figures 5.4-1 through 5.4-4). 

• The basis of the generalized compressibility charts is the law of corresponding states, an em- 
pirical rule stating that the compressibility factor of a species at a given temperature and 
pressure depends primarily on the reduced temperature and reduced pressure, 7" r = T T c 
and P r = P/' p c- Once you have determined these quantities, you may use the charts to de- 
termine z and then substitute the value in the compressibility-factor equation of state and 
solve for whichever variable is unknown. 
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• To perform PVT calculations for nonideal gas mixtures, you may use Kay's rule. Determine 
pseudocritical constants (temperature and pressure) by weighting the critical constants for 
each mixture component by the mole fraction of that component in the mixture; then calcu- 
late the reduced temperature and pressure and the compressibility factor as before. 

• Remember that every equation of state for nonideal gases is an approximation, often based 
on fitting adjustable constants to experimental PVT data. Be skeptical of every value you 
estimate, especially if you are using an equation of state beyond the range of conditions for 
which it was derived. 

• If a PVT calculation is part of a material balance problem and a volume (or volumetric flow 
rate) is either given or required for a process stream, label both n (or h) and V (or V) on 
the flowchart and count a density relationship (for solids and liquids) or an equation of state 
(for gases) as an additional relation in the degree-of-freedom analysis. 



PROBLEMS 

Note: Unless otherwise specified, all pressures given in these problems are absolute. 

5.1. A liquid mixture containing 40.0 wt% n -octane and the balance n-decane flows into a tank mounted 
on a balance. The mass in kg indicated by the scale is plotted against time. The data fall on a straight 
line that passes through the points (f = 3 min, m = 150 kg) and (t = 10 min, m = 250 kg). 

(a) Estimate the volumetric flow rate of the liquid mixture. 

(b) What does the empty tank weigh? 

5.2. When a liquid or a gas occupies a volume, it may be assumed to fill the volume completely. On 
the other hand, when solid particles occupy a volume, there are always spaces (voids) among the 
particles. The porosity or void fraction of a bed of particles is the ratio (void volume)/(total bed 
volume). The bulk density of the solids is the ratio (mass of solids)/(total bed volume), and the 
absolute density of the solids has the usual definition, (mass of solids)/( volume of solids). 

Suppose 600.0 g of a crushed ore is placed in a graduated cylinder, filling it to the 184 cm 3 level. 
One hundred cm 3 of water is then added to the cylinder, whereupon the water level is observed to 
be at the 233.5 cm 3 mark. Calculate the porosity of the dry particle bed, the bulk density of the ore 
in this bed, and the absolute density of the ore. 

5.3. Two liquid streams are flowing at constant rates into a blender. One is benzene, which flows at a 
measured rate of 20.0 L/min, and the other is toluene. The blended mixture enters a storage tank 
(inner diameter = 5.5 m) equipped with a sight gauge. During an interval in which no liquid leaves 
the storage tank, the liquid level in the tank is observed to increase by 0.15 meters over a one-hour 
period. Calculate the flow rate of toluene into the blender (L/min) and the composition of the tank 
contents (wt% benzene). 

5.4. A slurry contains crystals of copper sulfate pentahydrate [CuS0 4 -5H 2 0(s), specific gravity = 2.3] 
suspended in an aqueous copper sulfate solution (liquid SG = 1.2). A sensitive transducer is used to 
measure the pressure difference, AP(Pa), between two points in the sample container separated by 
a vertical distance of h meters. The reading is in turn used to determine the mass fraction of crystals 
in the slurry, ;c c (kg crystals/kg slurry). 

Liquid solution 
SG = 1.2 

Crystals 
SG = 2.3 

Solution-crystal 
slurry 




(a) Derive an expression for the transducer reading, AP(Pa), in terms of the overall slurry density, 
Psi(kg/ m 3 ), assuming that the pressure head formula of Chapter 3 (P = P 0 + pgh) is valid for 
this two-phase system. 
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(b) Validate the following expression relating the overall slurry density to the liquid and solid crystal 
densities (pi and p c ) and the mass fraction of crystals in the slurry: 

_L = fs. + (1 - * c) 
Psl Pc Pi 

(Suggestion: Insert units for all variables.) 

(c) Suppose 175 kg of the slurry is placed in the sample container with h = 0.200 m and a transducer 
reading AP = 2775 Pa is obtained. Calculate (i) p 5 i, (ii) x c> (iii) the total slurry volume, (iv) the 
mass of crystals in the slurry, (v) the mass of anhydrous copper sulfate (CuS0 4 without the 
water of hydration) in the crystals, (vi) the mass of liquid solution, and (vii) the volume of liquid 
solution. 

*(d) Write a spreadsheet program to generate a calibration curve of x c versus AP for this device. 
Take as inputs p c (kg/m 3 ), p,(kg/m 3 ), and h(m), and calculate AP(Pa) for x c = 0.0, 0.05, 0.10, 
0.60. Run the program for the parameter values in this problem (p c = 2300, pi = 1200, and 
h = 0.200). Then plot x c versus AP (have the spreadsheet program do it, if possible), and verify 
that the value of x c corresponding to AP = 2775 Pa on the calibration curve corresponds to the 
value calculated in part (c). 
(e) Derive the expression in part (b). Take a basis of 1 kg of slurry [x c (kg), V c (m 3 ) crystals, (1 - 
x c )(kg), V, (m 3 ) liquid], and use the fact that the volumes of the crystals and liquid are additive. 

5.5. Use the ideal gas equation of state to estimate the molar volume in m 3 /mol and the density of air in 
kg/m 3 at 40°C and a gauge pressure of 3.0 atm. 

5.6. One gram-mole of methyl chloride vapor is contained in a vessel at 100°C and 10 atm. 

(a) Use the ideal gas equation of state to estimate the system volume. 

(b) Suppose the actual volume of the vessel is 2.8 liters. What percentage error results from assuming 
ideal gas behavior? 

5.7. The pressure gauge on a 20.0 m 3 tank of nitrogen at 25°C reads 10 bar. Estimate the mass of nitrogen 
in the tank by (a) direct solution of the ideal gas equation of state and (b) conversion from standard 
conditions. (See Example 5.2-2.) 

5.8. From the standard conditions given in Table 5.2-1, calculate the value of the gas constant R in 
(a) atm-m 3 /(kmol-K) and (b) torr-ft 3 /(lb-mole-°R). 

5.9. The volume of a dry box (a closed chamber with dry nitrogen flowing through it) is 2.0 m 3 . The dry 
box is maintained at a slight positive gauge pressure of 10 cm H 2 0 and room temperature (25°C). If 
the contents of the box are to be replaced every five minutes, calculate the required mass flow rate 
of nitrogen in g/min by (a) direct solution of the ideal gas equation of state and (b) conversion from 
standard conditions. 

5.10. A stream of air enters a 7.50-cm ID pipe at a velocity of 60.0 m/s at 27°C and 1.80 bar (gauge). At 
a point downstream, the air flows through a 5.00 cm ID pipe at 60°C and 1.53 bar (gauge). What is 
the velocity of the gas at this point? 

5.11. The label has come off a cylinder of gas in your laboratory. You know only that one species of gas is 
contained in the cylinder, but you do not know whether it is hydrogen, oxygen, or nitrogen. To find 
out, you evacuate a 5-liter flask, seal it and weigh it, then let gas from the cylinder flow into it until 
the gauge pressure equals 1.00 atm. The flask is reweighed, and the mass of the added gas is found 
to be 13.0 g. Room temperature is 27°C, and barometric pressure is 1.00 atm. What is the gas? 

5.12. A gas cylinder filled with nitrogen at standard temperature and pressure has a mass of 37.289 g. 
The same container filled with carbon dioxide at STP has a mass of 37.440 g. When filled with an 
unknown gas at STP, the container mass is 37.062 g. Calculate the molecular weight of the unknown 
gas, and then state its probable identity. 

5.13. A nitrogen rotameter is calibrated by feeding N 2 from a compressor through a pressure regulator, a 
needle valve, the rotameter, and a dry test meter, a device that measures the total volume of gas that 
passes through it. A water manometer is used to measure the gas pressure at the rotameter outlet. 
A flow rate is set using the needle valve, the rotameter reading, <£, is noted, and the change in the 
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dry gas meter reading (AV) for a measured running time (Af) is recorded. 



Not to scale 




TEST METER 



ROTAMETER 



5.14. 



The following calibration data are taken on a day when the temperature is 23°C and barometric 
pressure is 763 mm Hg. 





A/(min) 


AV(liters) 


5.0 


10.0 


1.50 


9.0 


10.0 


2.90 


12.0 


5.0 


2.00 



Equipment 
Encyclopedia 

spray dryer 



(a) Prepare a calibration chart of 4> versus V std , the flow rate in standard cm-Vmin equivalent to the 
actual flow rate at the measurement conditions. 

(b) Suppose the rotameter-valve combination is to be used to set the flow rate to 0.010 mol N 2 /min. 
What rotameter reading must be maintained by adjusting the valve? 

The flow rate required to yield a specified reading on an orifice meter varies inversely as the square 
root of the fluid density; that is, if a fluid with density pi(g/cm 3 ) flowing at a rate V\ (cm 3 /s) yields a 
meter reading </>, then the flow rate of a fluid with density p2 required to yield the same reading is 

V 2 = Vi(pi/p2) 1/2 

(a) Suppose an orifice meter calibrated with nitrogen at 25°C and 758 mm Hg is used to measure 
the flow rate of a process stream of hydrogen at 50°C and 1800 mm Hg, and the value read from 
the calibration chart is 350 cm 3 /s. Calculate the true volumetric flow rate of the gas. 

(b) Repeat part (a), only suppose the process fluid contains 25 mole% CH 4 and the balance C 3 H 8 . 
5.15. A device has been designed to measure the flow rate of carbon dioxide evolved from a fermentation 

reactor. The reactor is sealed except for a tube that allows the generated carbon dioxide to bubble 
through a soap solution and into a vertical glass tube with an internal diameter of 1.2 cm. On leaving 
the soap solution, the gas forces thin soap films stretched across the tube to traverse the length of 
the tube. Ambient temperature and pressure are 27°C and 755 mm Hg. It takes the films 7.4 s to 
traverse the 1.2 m between two calibration marks on the tube. 

(a) Sketch the apparatus. 

(b) What is the rate of generation of C0 2 in mol/min? 

A stream of air (21 mole% 0 2 , the rest N 2 ) flowing at a rate of 10.0 kg/h is mixed with a stream of 
C0 2 . The C0 2 enters the mixer at a rate of 20.0 m 3 /h at 150°C and 1.5 bar. What is the mole percent 
of C0 2 in the product stream? 

Spray drying is a process in which a liquid containing dissolved or suspended solids is injected into 
a chamber through a spray nozzle or centrifugal disk atomizer. The resulting mist is contacted with 
hot air, which evaporates most or all of the liquid, leaving the dried solids to fall to a conveyor belt 
at the bottom of the chamber. 



5.16. 



5.17. 



Milk (70% H 2 0) 



Inlet air 



167°C, -40 cm H 2 0 




Wet air 

311 m 3 /min ® 83°C, 1 atm 
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Powdered milk is produced in a spray dryer 6 m in diameter by 6 m high. Air enters at 167°C 
and -40 cm H 2 0. The milk fed to the atomizer contains 70% water by mass, all of which evaporates. 
The outlet gas contains 12 mole% water and leaves the chamber at 83°C and 1 atm (absolute) at a 
rate of 311 nrVmin. 

(a) Calculate the production rate of dried milk and the volumetric flow rate of the inlet air. Estimate 
the upward velocity of air (m/s) at the bottom of the dryer. 

(b) What problem would you guess would occur if the velocity is too high? 

5.18. Many references give the specific gravity of gases with reference to air. For example, the specific 
gravity of carbon dioxide is 1.52 relative to air at the same temperature and pressure. Show that this 
value is correct as long as the ideal gas equation of state applies. 

5.19. Sax and Lewis 12 describe the hazards of breathing air containing appreciable amounts of an asphyxi- 
ant (a gas that has no specific toxicity but, when inhaled, excludes oxygen from the lungs). When the 
mole percent of the asphyxiant in the air reaches 50%, marked symptoms of distress appear, and at 
75% death occurs in a matter of minutes. 

A small storage room whose dimensions are 2 m X 1.5 m X 3 m contains a number of expensive 
and dangerous chemicals. To prevent unauthorized entry, the room door is always locked and can 
be opened with a key from either side. A cylinder of liquid carbon dioxide is stored in the room. The 
valve on the cylinder is faulty and some of the contents have escaped over the weekend. The room 
temperature is 25°C. 

(a) If the concentration of C0 2 reaches the lethal 75 mole% level, what would be the mole percent 
of0 2 ? 

(b) How much C0 2 (kg) is present in the room when the lethal concentration is reached? Why 
would more than that amount have to escape from the cylinder for this concentration to be 
reached? 

(c) Describe a set of events that could result in a fatality in the given situation. Suggest at least 
two measures that would reduce the hazards associated with storage of this seemingly harmless 
substance. 

5.20. A tank in a room at 19°C is initially open to the atmosphere on a day when the barometric pressure 
is 102 kPa. A block of dry ice (solid C0 2 ) with a mass of 15.7 kg is dropped into the tank, which 
is then sealed. The reading on the tank pressure gauge initially rises very quickly, then much more 
slowly, eventually reaching a value of 3.27 MPa. Assume Tgnai = 19°C. 

(a) How many moles of air were in the tank initially? Neglect the volume occupied by CO : in the 
solid state, and assume that a negligible amount of C0 2 escapes prior to the sealing of the tank. 

(b) What is the final density (g/liter) of the gas in the tank? 

(c) Explain the observed variation of pressure with time. More specifically, what is happening in the 
tank during the initial rapid pressure increase and during the later slow pressure increase? 

5.21. In froth flotation, air is bubbled through an aqueous solution or slurry to which a foaming agent 
(soap) has been added. The air bubbles carry finely dispersed solids and hydrophobic materials such 
as grease and oil to the surface where they can be skimmed off in the foam. 

An ore-containing slurry is to be processed in a froth flotation tank at a rate of 300 tons/h. 
The slurry consists of 20.0 wt% solids (the ore, SG = 1.2) and the remainder an aqueous solution 
with a density close to that of water. Air is sparged (blown through a nozzle designed to produce 
small bubbles) into the slurry at a rate of 40.0 ft 3 (STP)/1000 gal of slurry. The entry point of the air 
is 10 ft below the slurry surface. The tank contents are at 75°F and the barometric pressure is 
28.3 in. Hg. The sparger design is such that the average bubble diameter on entry is 2.0 mm. 

(a) What is the volumetric flow rate of the air at its entering conditions? 

(b) By what percentage does the average bubble diameter change between the entry point and the 
slurry surface? 

5.22. 13 Several decades ago benzene was thought to be a harmless chemical with a somewhat pleasant 
odor and was widely used as a cleaning solvent. It has since been found that chronic exposure to 



12 N. I. Sax and R. J. Lewis, Hazardous Chemicals Desk Reference, Van Nostrand Reinhold, New York. 1987, 
p. 183. 

"From D. A. Crowl. D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, Center for Chemical Process 
Safety, New York. 1993. 
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benzene can cause health problems such as anemia and possibly leukemia. Benzene has a permissible 
exposure level (PEL) of 1.0 ppm (part per million on a molar basis, equivalent to a mole fraction of 
1.0 X 10~ 6 ) averaged over an 8-hour period. 

The safety engineer in a plant wishes to determine whether the benzene concentration in a 
laboratory exceeds the PEL. One Monday at 9 a.m., 1 p.m., and 5 p.m., she collects samples of room 
air (33°C, 99 kPa) in evacuated 2-liter stainless steel containers. To collect a sample she opens the 
container valve, allows room air to enter until the container pressure equals atmospheric pressure, 
and then charges clean dry helium into the container until the pressure reaches 500 kPa. Next, she 
takes the containers to an analytical laboratory in which the temperature is 23°C, leaves them there 
for a day, and then feeds gas from each container to a gas chromatograph (GC) until the pressure 
in the container is reduced to 400 kPa. In the order in which they were collected, the samples that 
pass through the GC are found to contain 0.656 |xg (microgram), 0.788 (xg, and 0.910 |xg of benzene, 
respectively. 

(a) What were the concentrations of benzene (ppm on a molar basis) in the original room air at 
the three collection times? (Assume ideal gas behavior.) Is the average concentration below the 
PEL? 

(b) Why did the engineer add helium to the container after collecting the room air sample? Why 
did she wait a day before analyzing the container contents? 

(c) Why might a finding that the average benzene concentration is below the PEL not necessarily 
mean that the laboratory is safe insofar as exposure to benzene is concerned? Give several rea- 
sons, including possible sources of error in the sampling and analysis procedure. (Among other 
things, note the day on which the samples were taken.) 

5.23. A balloon 20 m in diameter is filled with helium at a gauge pressure of 2.0 atm. A man is standing 
in a basket suspended from the bottom of the balloon. A restraining cable attached to the basket 

Student keeps the balloon from rising. The balloon (not including the gas it contains), the basket, and the 

Workbook man have a combined mass of 150 kg. The temperature is 24°C that day, and the barometer reads 

760 mm Hg. 

(a) Calculate the mass (kg) and weight (N) of the helium in the balloon. 

(b) How much force is exerted on the balloon by the restraining cable? (Recall: The buoyant force 
on a submerged object equals the weight of the fluid — in this case, the air— displaced by the 
object. Neglect the volume of the basket and its contents.) 

(c) Calculate the initial acceleration of the balloon when the restraining cable is released. 

(d) Why does the balloon eventually stop rising? What would you need to know to calculate the 
altitude at which it stops? 

(e) Suppose at its point of suspension in midair the balloon is heated, raising the temperature of the 
helium. What happens and why? 

5.24. The Cookenwythe Gas Company pumps propane gas to the nearby Noxious Chemicals, Inc., 
polypropylene production plant. The gas is metered at the Noxious plant at 400 m 3 /h at 4.7 atm 
gauge and 30°C. The pressure at the Cookenwythe plant is 8.5 atm gauge, and the temperature is 
also 30°C. Noxious pays Cookenwythe at the rate of $0.60/kg C 3 H 8 . 

One dark night Sebastian Goniff, a Noxious engineer who is really a spy for the Rancid Plas- 
tics Corporation — Noxious's principal competitor and a bunch of really rotten guys — puts into ef- 
fect his plan to divert propane from the Cookenwythe-Noxious line into an underground pipe that 
leads to a secret Rancid tank-truck loading station in the middle of a nearby abandoned garbage 
dump. To cover the operation, Goniff obtains a broken pressure gauge that is stuck at 4.7 atm 
and substitutes it for the gauge at the Noxious plant. He adjusts the gas pressure regulator so that 
the real gauge pressure is 1.8 atm, instructs his associate in the field via walkie-talkie to open the 
Rancid line gradually, and tells him to hold it when the flowmeter at Noxious reads 400 m 3 /h. To 
the unsuspecting Noxious meter reader, the flow rate and pressure would therefore appear to be 
normal. 

The plan goes according to schedule until the associate smells gas, suspects a leak near the valve, 
and lights a match to see if he can pinpoint the location. 

(a) What should the flowmeter read at the Cookenwythe end of the pipeline? 

(b) How much does Noxious pay Cookenwythe each month? 

(c) What flow rate of propane (kg/h) should the Rancid trucks be prepared to handle? 

(d) What happened? 
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5.25. An ideal gas mixture contains 35% helium, 20% methane, and 45% nitrogen by volume at 2.00 atm 
absolute and 90°C. Calculate (a) the partial pressure of each component, (b) the mass fraction of 
methane, (c) the average molecular weight of the gas, and (d) the density of the gas in kg/m 3 . 

5.26. There is a percentage of fuel in a fuel-air mixture called the lower flammable limit (LFL), below 
which the mixture cannot be ignited. There is also an upper flammable limit (UFL), a percentage 
of fuel above which ignition will not take place. The LFL and UFL are collectively known as the 
flammability limits of the fuel. 

The LFL and UFL of propane in air at 1 atm are, respectively, 2.05 mole% C 3 H 8 and 11.4 mole% 
C 3 H 8 . If the mole percent of propane in a propane-air mixture is between 2.05% and 11.4%, the 
gas mixture will burn explosively if exposed to a flame or spark; if the percentage is outside these 
limits, the mixture is safe — a match may burn in it but the flame will not spread. If the percentage 
of propane is below the LFL, the mixture is said to be too lean to ignite; if it is above the UFL, the 
mixture is too rich to ignite. 

(a) Which would be safer to release into the atmosphere — a fuel-air mixture that is too lean or too 
rich to ignite? Explain. 

(b) A mixture of propane in air containing 4.03 mole % C 3 Hs is the feed to a combustion furnace. If 
there is a problem in the furnace, the mixture is diluted with a stream of pure air to make 
sure that it cannot accidentally ignite. If propane enters the furnace at a rate of 150 moi 
C3H8/S in the original fuel-air mixture, what is the minimum molar flow rate of the diluting 
air? 

(c) The actual diluting air molar flow rate is specified to be 130% of the minimum value. Assuming 
the fuel mixture (4.03 mole% C3H8) enters the furnace at the same rate as in part (b) at 125°C 
and 131 kPa and the diluting air enters at 25°C and 110 kPa, calculate the ratio m 3 diluting air/m 3 
fuel gas and the mole percent of propane in the diluted mixture. 

(d) Give several possible reasons for feeding air at a value greater than the calculated minimum 
rate. 

5.27. An adult takes about 12 breaths per minute, inhaling roughly 500 mL of air with each breath. The 
molar compositions of the inspired and expired gases are as follows: 



Species 


Inspired Gas (%) 


Expired Gas (%) 


o 2 


20.6 


15.1 


C0 2 


0.0 


3.7 


N 2 


77.4 


75.0 


H 2 0 


2.0 


6.2 



The inspired gas is at 24°C and 1 atm, and the expired gas is at body temperature and pressure — 
37°C and 1 atm. Nitrogen is not transported into or out of the blood in the lungs, so that (N 2 ) in = 
(N 2 ) out . 

(a) Calculate the masses of 0 2 , C0 2 , and H 2 0 transferred from the pulmonary gases to the blood 
or vice versa (specify which) per minute. 

(b) Calculate the volume of air exhaled per milliliter inhaled. 

(c) At what rate (g/min) is this individual losing weight by merely breathing? 

5.28. As everyone who has used a fireplace knows, when a fire burns in a furnace, a draft, or slight vacuum, 
is induced that causes the hot combustion gases and entrained particulate matter to flow up and out 
of the stack. The reason is that the hot gas in the stack is less dense than air at ambient temperature, 
leading to a lower hydrostatic head inside the stack than at the furnace inlet. The theoretical draft 
D (N/m 2 ) is the difference in these hydrostatic heads; the actual draft takes into account pressure 
losses undergone by the gases flowing in the stack. 

Let T S (K) be the average temperature in a stack of height L(m) and I a the ambient temperature, 
and let M s and M a be the average molecular weights of the gases inside and outside the stack. Assume 
that the pressures inside and outside the stack are both equal to atmospheric pressure, F a (N/m 2 ) 
(in fact, the pressure inside the stack is normally a little lower). 
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(a) Use the ideal gas equation of state to prove that the theoretical draft is given by the expression 

D < N '"> 2 > - r -f{rrr) 

(b) Suppose the gas in a 53-m stack has an average temperature of 655 K and contains 18 mole% 
CO2, 2% O2, and 80% N2 on a day when barometric pressure is 755 mm Hg and the outside 
temperature is 294 K. Calculate the theoretical draft (cm H 2 0) induced in the furnace. 

5.29. Phosgene (CC1 2 0) is a colorless gas that was used as an agent of chemical warfare in World War I. 
It has the odor of newly mown hay (which is a good warning if you know the smell of newly mown 
hay). 

Pete Brouillette, an innovative chemical engineering student, came up with what he believed 
was an effective new process that utilized phosgene as a starting material. He immediately set up 
a reactor and a system for analyzing the reaction mixture with a gas chromatograph. To calibrate 
the chromatograph (i.e., to determine its response to a known quantity of phosgene), he evacuated 
a 15.0 cm length of tubing with an outside diameter of 0.635 cm and a wall thickness of 0.559 mm, 
and then connected the tube to the outlet valve of a cylinder containing pure phosgene. The idea 
was to crack the valve, fill the tube with phosgene, close the valve, feed the tube contents into the 
chromatograph, and observe the instrument response. 

What Pete hadn't thought about (among other things) was that the phosgene was stored in 
the cylinder at a pressure high enough for it to be a liquid. When he opened the cylinder valve, 
the liquid rapidly flowed into the tube and filled it. Now he was stuck with a tube full of liquid 
phosgene at a pressure the tube was not designed to support. Within a minute he was reminded of 
a tractor ride his father had once given him through a hayfield, and he knew that the phosgene was 
leaking. He quickly ran out of the lab, called campus security, and told them that a toxic leak had 
occurred and that the building had to be evacuated and the tube removed and disposed. Personnel 
in air masks shortly appeared, took care of the problem, and then began an investigation that is still 
continuing. 

(a) Show why one of the reasons phosgene was an effective weapon is that it would collect in low 
spots soldiers often entered for protection. 

(b) Pete's intention was to let the tube equilibrate at room temperature (23°C) and atmospheric 
pressure. How many gram-moles of phosgene would have been contained in the sample fed to. 
the chromatograph if his plan had worked? 

(c) The laboratory in which Pete was working had a volume of 2200 ft 3 , the specific gravity of liq- 
uid phosgene is 1.37, and Pete had read somewhere that the maximum "safe" concentration of 
phosgene in air is 0.1 ppm (0.1 X 10~ 6 mol CCl 2 0/mol air). Would the "safe" concentration have 
been exceeded if all the liquid phosgene in the tube had leaked into the room and evaporated? 
Even if the limit would not have been exceeded, give several reasons why the lab would still 
have been unsafe. 

(d) List several things Pete did (or failed to do) that made his experiment unnecessarily hazardous. 

5.30. A fuel gas containing 86% methane, 8% ethane, and 6% propane by volume flows to a furnace at a 
rate of 1450 m 3 /h at 15°C and 150 kPa (gauge), where it is burned with 8% excess air. Calculate the 
required flow rate of air in SCMH (standard cubic meters per hour). 

^fet *5-31. The flow of air to a gas-fired boiler furnace is regulated by a minicomputer controller. The fuel 
■OM gases used in the furnace are mixtures of methane (A), ethane (B), propane (C), n-butane (D), 

E u^nent anc * i so ' :)Utane (£)• At periodic intervals the temperature, pressure, and volumetric flow rate of 

Encyclopedia tne f ue ' g as are measured, and voltage signals proportional to the values of these variables are 

boiler transmitted to the computer. Whenever a new feed gas is used, a sample of the gas is analyzed 

and the mole fractions of each of the five components are determined and read into the com- 
puter. The desired percent excess air is then specified, and the computer calculates the required 
volumetric flow rate of air and transmits the appropriate signal to a flow control valve in the air 
line. 

The linear proportionalities between the input and the output signals and the corresponding 
process variables may be determined from the following calibration data: 
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Fuel Temperature: 



Fuel Pressure: 



Fuel Flow Rate: 



Air Flow Rate: 



T = 25.0°C, R T = 14 






T = 35.0°C R T = 27 






P gauge = 0 kPa, Rp = 0 






/'gauge = 20.0 kPa, Rp = 6 






V f = 0 m 3 /h, R { = 


= 0 




V f = 2.00 X 10 3 m 3 /h, /? f = 


10 




V a = 0 m 3 (STP)/h, 


«. 


= 0 


V a = 1.0 x 10 5 m 3 (STP)/h, 


*a 


= 25 



(a) Create a spreadsheet or write a program to read in values of R f , R T , R P , the fuel gas component 
mole fractions x A , x B , x c , x D , and x^ and the percent excess air PX, and to calculate and print 
out the required value of R A . 

(b) Run your program for the following data. 



Ri Rr Rp x A x B x c x d x e PX 

7.25 23.1 7.5 0.81 0.08 0.05 0.04 0.02 15% 

5.80 7.5 19.3 0.58 0.31 0.06 0.05 0.00 23% 

2.45 46.5 15.8 0.00 0.00 0.65 0.25 0.10 33% 



5.32. The oxidation of nitric oxide 

NO + iO z — N0 2 

takes place in an isothermal batch reactor. The reactor is charged with a mixture containing 20.0 
volume percent NO and the balance air at an initial pressure of 380 kPa (absolute). 

(a) Assuming ideal gas behavior, determine the composition of the mixture (component mole frac- 
tions) and the final pressure (kPa) if the conversion of NO is 90%. 

(b) Suppose the pressure in the reactor eventually equilibrates (levels out) at 360 kPa. What is 
the equilibrium percent conversion of NO? Calculate the reaction equilibrium constant at the 
prevailing temperature, Af p [(atm) -0 -], defined as 

K (Pno, ) 

P (PnoXpo,) 0 ' 5 

where p,(atm) is the partial pressure of species i (NO2, NO, 0 2 ) at equilibrium. 

5.33. Monochlorobenzene (M) is produced commercially by the direct catalytic chlorination of benzene 
(B) at 40°C and 120 kPa absolute. In the process, dichlorobenzene (D) is generated as a coproduct: 

C 6 H6 + Cl 2 — C 6 H 5 C1 + HC1 

C 6 H 5 C1 + Cl 2 — C 6 H 4 C1 2 + HC1 

Liquid and gas streams leave the reactor. The liquid contains 49.2 wt% M, 29.6% D, and the re- 
mainder unreacted B. The gas, which is sent to a treatment facility, contains 92%(v/v) HC1 and 8% 
unreacted chlorine. 

(a) What volume of gas leaves the reactor (m 3 /kg B fed)? 

(b) The pipe through which the gas is to flow is sized so that the gas velocity is no greater than 10 m/s. 
Derive an expression relating pipe diameter d v (cm) to benzene feed rate m B o (kg B/min). 

(c) In 1996, the demand for monochlorobenzene was projected to decrease by 6%/year through the 
year 2000. 14 What factors were contributing to the reduced demand when the projection was 
made? 



14 ChemExpo, Schnell Publishing, September 23. 1996. Web address: 
http://www.chemexpo.com/chemexpo2/news/PROFILEsep23.html 
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In chemical vapor deposition (CVD), a semiconducting or insulating solid material is formed in a 
reaction between a gaseous species and a species adsorbed on the surface of silicon wafers (disks 
about 10 cm in diameter and 1 mm thick). The coated wafers are subjected to further process- 
ing to produce the microelectronic chips in computers and most other electronic devices in use 
today. 

In one such process, silicon dioxide (MW = 60.06, SG = 2.67) is formed in the reaction be- 
tween gaseous dichlorosilane (DCS) and adsorbed nitrous oxide: 

SiH 2 Cl 2 (g) + 2N 2 0(ads) — * Si0 2 (s) + 2N 2 (g) + 2HCl(g) 

A mixture of DCS and N 2 0 flows through a "boat reactor" — a horizontal pipe in which 50-100 
silicon wafers about 12 cm in diameter and 1 mm thick are set upright along the reactor length, with 
about 20 mm separation between each wafer. A side view of the reactor is shown below: 



Equipment 
Encyclopedia 

CVD reactor 



5*34. 



15 



Outlet gas 




The feed gas enters the reactor at a rate of 3.74 SCMM (standard cubic meters per minute) and 
contains 22.0 mole% DCS and the balance N 2 0. In the reactor, the gas flows around the wafers, 
DCS and N 2 0 diffuse into the spaces between the wafers, N 2 0 is adsorbed on the wafer surfaces, 
and the adsorbed N 2 0 reacts with gaseous DCS. The silicon dioxide formed remains on the surface, 
and the nitrogen and hydrogen chloride go into the gas phase and eventually leave the reactor with 
the unconsumed reactants. The temperature and absolute pressure in the reactor are constant at 
900°C and 604 millitorr. 

(a) The percentage conversion of DCS at a certain axial position (distance along the length of the 
reactor) is 60%. Calculate the volumetric flow rate (m 3 /min) of gas at this axial position. 

(b) The rate of deposition of silicon dioxide per unit area of wafer surface is given by the formula 

mol Si0 2 \ „ , , o n « 

- i = iiexio-Vcsrffo 



im-S J r wrwjL 

where p DC s and p^ l0 are the partial pressures of DCS and N 2 0 in millitorr. What is r at the 
axial position in the reactor where the DCS conversion is 60%? 
(c) Consider a wafer located at the axial position determined in part (b). How thick is the silicon 
dioxide layer on that wafer after two hours of reactor operation, assuming that gas diffusion is 
rapid enough at the low reactor pressure for the composition of the gas (and hence the compo- 
nent partial pressures) to be uniform over the wafer surface? Express your answer in angstroms, 
where 1 A = 1.0 X 10"* 10 m. (Hint: You can calculate the rate of growth of the Si0 2 layer in 
A/min from r and properties of Si0 2 given in the problem statement.) Would the thickness be 
greater or less than this value at an axial position closer to the reactor entrance? Briefly explain 
your answer. 

5.35. A gas turbine power plant receives a shipment of hydrocarbon fuel whose composition is uncertain 
but may be represented by the expression C x H y . The fuel is burned with excess air. An analysis of 
the product gas gives the following results on a moisture-free basis: 10.5%(v/v) C0 2 , 5.3% 0 2 , and 
84.2% N 2 . 

(a) Determine the molar ratio of hydrogen to carbon in the fuel (r), where r = yj x, and the per- 
centage excess air used in the combustion. 



15 Based on a problem in H. S. Fogler, Elements of Chemical Reaction Engineering, 2nd Edition, Prentice Hall, 
Englewood Cliffs, NJ, 1992, p. 323. 
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(b) What is the air-to-fuel ratio (m 3 air/kg of fuel) if the air is fed to the power plant at 30°C and 
98 kPa? 

5.36. Liquid hydrazine (SG = 0.82) undergoes a family of decomposition reactions that can be repre- 
sented by the stoichiometric expression 

3 N 2 H 4 — 6x H 2 + (1 + 2jc)N 2 + (4 - 4*)NH 3 

(a) For what range of values of x is this equation physically meaningful? 

(b) Plot the volume of product gas [V (L)] at 600°C and 10 bars absolute that would be formed from 50 
liters of liquid hydrazine as a function of x , covering the range of x values determined in part (b). 

(c) Speculate on what makes hydrazine a good propellant. 
5.37. 16 Chemicals are stored in a laboratory with volume V(m 3 ). As a consequence of poor labora- 
tory practices, a hazardous species, A, enters the room air (from inside the room) at a constant 
rate m A (g A/h). The room is ventilated with clean air flowing at a constant rate V air (m 3 /h). The 
average concentration of A in the room air builds up until it reaches a steady-state value 
C A . r (gA/m 3 ). 

(a) List at least four situations that could lead to A getting into the room air. 

(b) Assume that the A is perfectly mixed with the room air and derive the formula 

™A = ^airCA 

(c) The assumption of perfect mixing is never justified when the enclosed space is a room (as opposed 
to, say, a stirred reactor). In practice, the concentration of A varies from one point in the room 
to another: it is relatively high near the point where A enters the room air and relatively low 
in regions far from that point, including the ventilator outlet duct. If we say that C A .duct = kC A , 
where k < 1 is a nonideal mixing factor (generally between 0.1 and 0.5, with the lowest value 
corresponding to the poorest mixing), then the equation of part (b) becomes 

m A = kV 3il C A 

Use this equation and the ideal gas equation of state to derive the following expression for the 
average mole fraction of A in the room air: 

m A RT 
- VA " W~Ma~P 

where M A is the molecular weight of A. 

(d) The permissible exposure level (PEL) for styrene (M = 104.14) defined by the U.S. Occupa- 
tional Safety and Health Administration is 50 ppm (molar basis). An open storage tank in a 
polymerization laboratory contains styrene. The evaporation rate from this tank is estimated 
to be 9.0 g/h. Room temperature is 20°C. Assuming that the laboratory air is reasonably well 
mixed (so that k = 0.5), calculate the minimum ventilation rate (m 3 /h) required to keep the 
average styrene concentration at or below the PEL. Then give several reasons why work- 
ing in the laboratory might still be hazardous if the calculated minimum ventilation rate is 
used. 

(e) Would the hazard level in the situation described in part (d) increase or decrease if the temper- 
ature in the room were to increase? (Increase, decrease, no way to tell.) Explain your answer, 
citing at least two temperature effects in your explanation. 

538. Propylene is hydrogenated in a batch reactor: 

C 3 H 6 (g) + H 2 (g) - C 3 H 8 (g) 

WortE Equimolar amounts of propylene and hydrogen are fed into the reactor at 25°C and a total absolute 

pressure of 32.0 atm. The reactor temperature is raised to 235°C and held constant thereafter until 
the reaction is complete. The propylene conversion at the beginning of the isothermal period is 
53.2%. You may assume ideal gas behavior for this problem, although at the high pressures involved 
this assumption constitutes a crude approximation at best. 



I6 From D. A. Crowl, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, Center for Chemical Process 
Safety, New York, 1993. 



224 Chapter 5 Single-Phase Systems 



Equipment 
Encyclopedia 

condenser 



Equipment 
Encyclopedia 

stripper 



(a) What is the final reactor pressure? 

(b) What is the percentage conversion of propylene when P = 35.1 atm? 

(c) Construct a graph of pressure versus fractional conversion of propylene covering the isothermal 
period of operation. Use the graph to confirm the results in parts (a) and (b). (Suggestion: Use 
a spreadsheet.) 

5.39. A natural gas contains 95 wt% CH 4 and the balance C2H6. Five hundred cubic meters per hour of 
this gas at 40°C and 1.1 bar is to be burned with 25% excess air. The air flowmeter is calibrated to 
read the volumetric flow rate at standard temperature and pressure. What should the meter read (in 
SCMH) when the flow rate is set to the desired value? 

5.40. A stream of hot dry nitrogen flows through a process unit that contains liquid acetone. A substantial 
portion of the acetone vaporizes and is carried off by the nitrogen. The combined gases leave the 
recovery unit at 205°C and 1.1 bar and enter a condenser in which a portion of the acetone is lique- 
fied. The remaining gas leaves the condenser at 10°C and 40 bar. The partial pressure of acetone in 
the feed to the condenser is 0.100 bar, and that in the effluent gas from the condenser is 0.379 bar. 
Assume ideal gas behavior. 

(a) Calculate for a basis of 1 m 3 of gas fed to the condenser the mass of acetone condensed (kg) and 
the volume of gas leaving the condenser (m 3 ). 

(b) Suppose the volumetric flow rate of the gas leaving the condenser is 20.0 m 3 /h. Calculate the 
rate (kg/h) at which acetone is vaporized in the solvent recovery unit. 

5.41. Ammonia is one of the chemical constituents of industrial waste that must be removed in a treatment 
plant before the waste can safely be discharged into a river or estuary. Ammonia is normally present 
in wastewater as aqueous ammonium hydroxide (NH| OH~). A two-part process is frequently car- 
ried out to accomplish the removal. Lime (CaO) is first added to the wastewater, leading to the 
reaction 

CaO + H 2 0 — Ca 2+ + 2(OFT) 

The hydroxide ions produced in this reaction drive the following reaction to the right, resulting in 
the conversion of ammonium ions to dissolved ammonia: 

NH4 + OH" ^ NH 3 (g) + H 2 0(1) 
Air is then contacted with the wastewater, stripping out the ammonia. 

(a) One million gallons per day of alkaline wastewater containing 0.03 mole NH 3 /mole ammonia- 
free H 2 0 is fed to a stripping tower that operates at 68°F. Air at 68°F and 21.3 psia contacts 
the wastewater countercurrently as it passes through the tower. The feed ratio is 300 ft 3 air/gal 
wastewater, and 93% of the ammonia is stripped from the wastewater. Calculate the volumetric 
flow rate of the gas leaving the tower and the partial pressure of ammonia in this gas. 

(b) Briefly explain in terms a first-year chemistry student could understand how this process works. 
Include the equilibrium constant for the second reaction in your explanation. 

5.42. You have purchased a gas cylinder that is supposed to contain 5.0 mole% Cl 2 (±0.1%) and 95% air. 
The experiments you have been running are not giving reasonable results, and you suspect that the 
chlorine concentration in the gas cylinder is incorrect. 

To check this hypothesis, you bubble gas from the suspicious cylinder through 2.0 L of an aque- 
ous NaOH solution (12.0 wt% NaOH, SG = 1.13) for exactly one hour. The inlet gas is metered at 
a gauge pressure of 510 mm H 2 0 and a temperature of 23°C. Prior to entering the vessel, the gas 
passes through a flowmeter that indicates a flow rate of 2.00 L/min. At the conclusion of the ex- 
periment, a sample of the residual NaOH solution is analyzed and the results show that the NaOH 
content has been reduced by 23%. What is the concentration of Cl 2 in the cylinder gas? (Assume 
the Cl 2 is completely consumed in the reaction Cl 2 + 2 NaOH -*• NaCl + NaOCl + H 2 0.) 

5.43. Two humid gas streams are combined in a heated mixing chamber. The first stream contains 23.5 
mole% ethane and 76.5% ethylene on a dry basis and enters the chamber at 25°C and 105 kPa at 
a rate of 125 L/min. The second stream is humid air, which enters at 75°C and 115 kPa at a rate of 
355 L/min. The product stream emerges at 65°C and 1.00 atm. A hygrometer is used to measure the 
water contents of the two feed streams and the combined product stream. The calibration curve for 
the hygrometer is a straight line on a semilog plot of y (mole fraction of water) versus R (hygrometer 
reading), which passes through the points (y = 10~ 4 , R = 5) and (>■ = 0.2, R = 90). The following 
readings are recorded. 
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Hydrocarbon Feed Stream: 
Air Feed Stream: 



5.44. 



5.45. 




Student 
Workbook 

Equipment 
Encyclopedia 

condenser 



5.47, 



R = 86.0 
R = 12.8 



(a) Derive an expression for y(R). 

(b) Calculate the volumetric flow rate of the product stream and the molar composition of the prod- 
uct gas on a dry basis. 

(c) Calculate the partial pressure of water in the product gas and the hygrometer reading for this 
stream. 

Most of the concrete used in the construction of buildings, roads, dams, and bridges is made from 
Portland cement, a substance obtained by pulverizing the hard, granular residue (clinker) from the 
roasting of a mixture of clay and limestone and adding other materials to modify the setting prop- 
erties of the cement and the mechanical properties of the concrete. 

The charge to a portland cement rotary kiln contains 17% of a dried building clay (72 wt% 
Si0 2 , 16% A1 2 0 3 , 7% Fe 2 0 3 , 1.7% K 2 0, 3.3% Na 2 0) and 83% limestone (95 wt% CaC0 3 , 5% 
impurities). When the solid temperature reaches about 900°C, calcination of the limestone to lime 
(CaO) and carbon dioxide occurs. As the temperature continues to rise to about 1450°C, the lime 
reacts with the minerals in the clay to form such compounds as 3 CaOSi0 2 , 3 CaO-Al 2 0 3 , and 
4 CaO • A1 2 0 3 • Fe 2 0 3 . The flow rate of C0 2 from the kiln is 1350 m 3 /h at 1000°C and 1 atm. 
Calculate the feed rates of clay and limestone (kg/h) and the weight percent of Fe 2 0 3 in the final 
cement. 

The ultimate analysis of a No. 4 fuel oil is 86.47 wt% carbon, 11.65% hydrogen, 1.35% sulfur, and the 
balance noncombustible inerts. This oil is burned in a steam-generating furnace with 15% excess air. 
The air is preheated to 175°C and enters the furnace at a gauge pressure of 180 mm Hg. The sulfur 
and hydrogen in the fuel are completely oxidized to S0 2 and H 2 0; 5% of the carbon is oxidized to 
CO, and the balance forms C0 2 . 

(a) Calculate the feed ratio (m 3 air)/(kg oil). 

(b) Calculate the mole fractions (dry basis) and the ppm (parts per million on a wet basis, or moles 
contained in 10 6 moles of the wet stack gas) of the stack gas species that might be considered 
environmental hazards. 

A stream of liquid n-pentane flows at a rate of 50.4 L/min into a heating chamber, where it evapo- 
rates into a stream of air 15% in excess of the amount needed to burn the pentane completely. The 
temperature and gauge pressure of the entering air are 336 K and 208.6 kPa. The heated gas flows 
into a combustion furnace in which a fraction of the pentane is burned. The product gas, which con- 
tains all of the unreacted pentane and no CO, goes to a condenser in which both the water formed 
in the furnace and the unreacted pentane are liquefied. The uncondensed gas leaves the condenser 
at 275 K and 1 atm absolute. The liquid condensate is separated into its components, and the flow 
rate of the pentane is measured and found to be 3.175 kg/min. 

(a) Calculate the fractional conversion of pentane achieved in the furnace and the volumetric flow 
rates (L/min) of the feed air, the gas leaving the condenser, and the liquid condensate before its 
components are separated. 

(b) Sketch the apparatus that could have been used to separate the pentane and water in the con- 
densate. Hint: Remember that pentane is a hydrocarbon and recall what is said about oil (hy- 
drocarbons) and water. 

The feed stream to a Claus plant consists of 20.0 mole% H 2 S and 80.0% C0 2 . One-third of the 
stream is sent to a furnace where the H 2 S is burned completely with a stoichiometric amount of air 
fed at 1 atm and 25°C. The reaction is 



H 2 S + |0 2 



S0 2 4- H 2 0 



The product gases from this reaction are then mixed with the remaining two-thirds of the feed stream 
and sent to a reactor in which the following reaction goes to completion: 

2H 2 S + S0 2 — *2H 2 0 + 3S 

The gases leave the reactor flowing at a rate of 10.0 m 3 /min at 380°C and 205 kPa absolute. Assuming 
ideal gas behavior, determine the feed rate of air in kmol/min. 
5.48. Sulfuric acid is the chemical produced in the United States with the highest volume of production. 
In one of the earliest processes used to make it, an ore containing iron pyrites (FeS 2 ) is roasted 
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5.49. 



(burned) with air. The following reactions take place in the roasting furnace: 

2 FeS 2 (s) + x i 0 2 (g) — Fe 2 0 3 (s) + 4 S0 2 (g) [1] 

2FeS 2 (s) + f 02(g) — Fe 2 0 3 (s) + 4S0 3 (g) [2] 

The gas leaving the reactor goes to a catalytic converter in which most of the S0 2 produced is further 
oxidized to S0 3 : 



so 2 + \0 2 



so 3 



PJ 



Finally, the gas leaving the converter passes through an absorption tower, in which the S0 3 is ab- 
sorbed in water to produce sulfuric acid (H 2 S0 4 ). 

(a) An ore containing 82 wt% FeS 2 and 18% inerts is fed to a roasting furnace. Dry air is fed to 
the furnace in 40% excess of the amount theoretically required to oxidize all of the sulfur in 
the ore to S0 3 . An FeS 2 oxidation of 85% is obtained, with 40% of the FeS 2 converted forming 
sulfur dioxide and the rest forming sulfur trioxide. Two streams leave the roaster: a gas stream 
containing S0 2 , S0 3 , 0 2 , and N 2 , and a solid stream containing unconverted pyrites, ferric oxide, 
and inert material in the ore. Calculate the required feed rate of air in standard cubic meters 
per 100 kg of ore roasted and the molar composition and volume (SCM/100 kg of ore) of the 
gas leaving the roasting oven. 

(b) The gas leaving the roasting oven enters the catalytic converter, which operates at 1 atm. 
The conversion reaction [3] proceeds to an equilibrium point at which the component partial 
pressures satisfy the relation 



Pso 3 



J/' 2 
Pso 2 Po 2 



The gases are first heated to 600°C, at which K p = 9.53 atm -1 2 , and are then cooled to 400°C, 
where K p = 397 atm -1 / 2 . The rate of the forward reaction increases sharply with temperature 
and is several orders of magnitude greater at 600°C than at 400°C. Calculate the equilibrium 
fractional conversions of sulfur dioxide in the converter when the temperature is 600°C and 
when it is 400°C. Briefly explain why the converter gases are initially heated and then cooled, 
(c) Assuming complete conversion to sulfuric acid of the sulfur trioxide leaving the converter, how 
many kg of H 2 S0 4 will be produced per kg of sulfur in the ore? What would this ratio have 
been if all of the sulfur in the ore had been converted? Summarize the factors responsible for 
the second number being larger than the first one. 

You have been assigned the task of measuring the equilibrium constant for the reaction N2O4 ^ 
2N0 2 as a function of temperature. To do so, you obtain a rigid 2-liter vessel equipped with a pressure 
gauge, evacuate and then fill the vessel with a mixture of N0 2 and N 2 0 4 , and heat the vessel to 
To = 473 K, a temperature at which you know the gas is essentially pure N0 2 . The gauge pressure 
at this point is noted to be 1.00 atm. You then decrease the temperature in stages, recording the 
equilibrium gauge pressure at each temperature. The data are as follows: 



T(K) 


473 


350 


335 


315 


300 


F gauge (atm) 


1.00 


0.272 


0.111 


-0.097 


-0.224 



t 

Pure N0 2 

(a) How many gram-moles of N0 2 are in the vessel at 473 K? 

(b) The reaction equilibrium constant is 

k p = Pno 2 / Pn 2 o 4 

where pxo 2 and f>N 2 o 4 are the equilibrium partial pressures of N0 2 and N 2 0 4 . Derive an equa- 
tion or a series of equations for calculating K p (atm) from specified values of T and P gaU ge- (Sug- 
gestion: Begin by defining «i and n 2 as the moles of N0 2 and N 2 0 4 present at equilibrium.) Then 
calculate K p for T = 350 K, 335 K, 315 K, and 300 K. (Suggestion: Use a spreadsheet program.) 

(c) The equilibrium constant should vary with temperature according to the relation 

= ae- blr 



Use the results of part (b) to determine the values of a and b by a graphical curve-fitting proce- 
dure. [Suggestion: Use the spreadsheet program from part (b).] 
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5.50. The demand for a particular hydrogenated compound, S, is 5.00 kmol/h. This chemical is synthesized 
in the gas-phase reaction 

A + H 2 — S 

The reaction equilibrium constant at the reactor operating temperature is 

K„ = — P — = 0.1 atm -1 
PaPh 2 

The fresh feed to the process is a mixture of A and hydrogen that is mixed with a recycle stream 
consisting of the same two species. The resulting mixture, which contains 3 kmol A/kmol H 2 , is fed 
to the reactor, which operates at an absolute pressure of 10.0 atm. The reaction products are in 
equilibrium. The effluent from the reactor is sent to a separation unit that recovers all of the S in 
essentially pure form. The A and hydrogen leaving the separation unit form the recycle that is mixed 
with fresh feed to the process. Calculate the feed rates of hydrogen and A to the process in kmol/h 
and the recycle stream flow rate in SCMH (standard cubic meters per hour). 

5.51. Methanol is synthesized from carbon monoxide and hydrogen in the reaction 



CO + 2H 2 ^CH 3 OH 
Equipment . „ , 

Encyclopedia A process flowchart is shown below, 

reactor, 

compressor, ^ (kmo i co/h) 

condenser 



M - CH 3 0H 



n 5 (kmol H 2 /h) 



n^kmol CCVh) 
n 2 (kmol H 2 /h) 



o 





REACTOR 




SEPARATOR 




\oO kmol CO/h 
n 3 (kmol H 2 ,h) 


n 4 (kmol CO/h) 
n 5 (kmol H 2 /h) 


n 6 (kmol M/h)' 



T{K), P(kPa) 
//«(% excess H 2 ) 



n 6 (kmoi M/h) 
TW, />(kPa) 



The fresh feed to the system, which contains only CO and H 2 , is blended with a recycle stream 
containing the same species. The combined stream is heated and compressed to a temperature T(K) 
and a pressure P(kPa) and fed to the reactor. The percentage excess hydrogen in this stream is 
H xs . The reactor effluent — also at T and P — goes to a separation unit where essentially all of the 
methanol produced in the reactor is condensed and removed as product. The unreacted CO and H 2 
constitute the recycle stream blended with fresh feed. 

Provided that the reaction temperature (and hence the rate of reaction) is high enough and 
the ideal gas equation of state is a reasonable approximation at the reactor outlet conditions (a 
questionable assumption), the ratio 

„ _ PCH3OH 

Ape - =— 

PcoP 2 Hl 

approaches the equilibrium value 

K P (T) = 1.390 X 10- 4 exp ^21.225 + - 7.492 In T + 4.076 X 10~ 3 r - 7.161 X 10~ s T 2 ^j 

In these equations, p t is the partial pressure of species /' in kilopascals (i = CH 3 OH, CO, H 2 ) and 
T is in Kelvin. 

(a) Suppose P = 5000 kPa, T = 500 K, and H xs = 5.0%. Calculate /i 4 , « 5 , and h 6 , the component 
flow rates (kmol/h) in the reactor effluent. [Suggestion: Use the known value of tf xs , atomic bal- 
ances around the reactor, and the equilibrium relationship, K pc = K P (T), to write four equations 
in the four variables n 3 to n 6 ; use algebra to eliminate all but n 6 ; and use trial and error to solve 
the remaining nonlinear equation for h 6 .] Then calculate component fresh feed rates (hi and h z ) 
and the flow rate (SCMH) of the recycle stream. 
*(b) Write a spreadsheet program to perform the calculations of part (a) for the same basis of calcu- 
lation (100 kmol CO/h fed to the reactor) and different specified values of P(kPa), T(K), and 



*Computer problem. 
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# xs (%). The spreadsheet should have the following columns: 

A. P(kPa) 

B. r(K) 

C. #„(%) 

D. K P {T) X 10 8 . (The given function of T multiplied by 10 8 . Whffii = 500 K, the value in this 
column should be 91.113.) 

E. K P P 2 

F. n 3 . The rate (kmol/h) at which H2 enters the reactor. 

G. n4. The rate (kmol/h) at which CO leaves the reactor. 

H. n 5 . The rate (kmol/h) at which H 2 leaves the reactor. 

I. n 6 . The rate (kmol/h) at which methanol leaves the reactor. 

J. h t0( . The total molar flow rate (kmol/h) of the reactor effluent. 

K. K pc X 10 8 . The ratio yu/ {ycoyu^ multiplied by 10 8 . When the correct solution has been 

attained, this value should equal the one in Column E. 
L. K P P 2 - K pc P 2 . Column E - Column K, which equals zero for the correct solution. 
M. «i . The molar flow rate (kmol/h) of CO in the fresh feed. 
N. h 2 . The molar flow rate (kmol/h) of H 2 in the fresh feed. 
O. VrectSCMH). The flow rate of the recycle stream in m 3 (STP)/h. 

When the correct formulas have been entered, the value in Column I should be varied until the 
value in Column L equals 0. 

Run the program for the following nine conditions (three of which are the same): 

• T = 500 K, H xs = 5%, and P = 1000 kPa, 5000 kPa, and 10,000 kPa. 

• P = 5000 kPa, H xs =5%, and T = 400 K, 500 K, and 600 K. 

• T = 500 K, P = 5000 kPa, and //« = 0%, 5%, and 10%. 

Summarize the effects of reactor pressure, reactor temperature, and excess hydrogen on the 
yield of methanol (kmol M produced per 100 kmol CO fed to the reactor). 

(c) You should find that the methanol yield increases with increasing pressure and decreasing tem- 
perature. What cost is associated with increasing the pressure? 

(d) Why might the yield be much lower than the calculated value if the temperature is too low? 

(e) If you actually ran the reaction at the given conditions and analyzed the reactor effluent, why 
might the spreadsheet values in Columns F-M be significantly different from the measured val- 
ues of these quantities? (Give several reasons, including assumptions made in obtaining the 
spreadsheet values.) 

5.52. One gram-mole each of C0 2 , 0 2 , and N 2 are fed to a batch reactor and heated to 3000 K and 5.0 atm. 
The two reactions given here proceed to equilibrium (also shown are the equilibrium constants at 
3000 K). 

C0 2 - CO + ±o 2 

Ki = {PcoPol)! Pco t = 0.3272 atm 1 ' 2 
\0 2 + |N 2 - NO 

K 2 = Pno/(/>o 2 />n 2 ) 1/2 = 0.1222 

Calculate the equilibrium composition (component mole fractions) of the reactor contents. [Sugges- 
tion: Express K\ and K 2 in terms of the extents of the two reactions, £ and (See Section 4.6d.) 
Then use an equation-solving program or a trial-and-error procedure, such as the Newton-Raphson 
method (Appendix A.2), to solve for & and £, and use the results to determine the equilibrium mole 
fractions.] 

5.53. Terephthalic acid (TPA), a raw material in the manufacture of polyester fiber, film, and soft drink 
bottles, is synthesized from p -xylene (PX) in the process shown below. 

CgHio, +30 2 — * C 8 H 6 0 4 +2 H 2 0 



PX 



TPA 
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Equipment 
Encyclopedia 

reactor, 
condenser, 
filter 



Equipment 
Encyclopedia 

reactor, 
condenser 



5.54. 



PX = p-xylene 
S = solution 
TPA = terephthalic acid 



Air @ 25°C, 6.0 atm 



Off-gases: 

4 mole% 0 2 , 96% N 2 



0 2 , N 2 , H 2 0(v) 
105°C, 5.5 atm 



PX(I) Reactor feed 



3 kg S/kg PX 



REACTOR 



CONDENSER 



H 2 0(l) 



PX, TPA, S 



SEPARATOR 



TPA(s) 



Recycle (I): PX, S 

A fresh feed of pure liquid PX combines with a recycle stream containing PX and a solution (S) of a 
catalyst (a cobalt salt) in a solvent (methanol). The combined stream, which contains S and PX in a 
3:1 mass ratio, is fed to a reactor in which 90% of the PX is converted to TPA. A stream of air at 25°C 
and 6.0 atm absolute is also fed to the reactor. The air bubbles through the liquid and the reaction 
given above takes place under the influence of the catalyst. A liquid stream containing unreacted PX. 
dissolved TPA, and all the S that entered the reactor goes to a separator in which solid TPA crystals 
are formed and filtered out of the solution. The filtrate, which contains all the S and PX leaving the 
reactor, is the recycle stream. A gas stream containing unreacted oxygen, nitrogen, and the water 
formed in the reaction leaves the reactor at 105°C and 5.5 atm absolute and goes through a condenser 
in which essentially all the water is condensed. The uncondensed gas contains 4.0 mole% 0 2 . 

(a) Taking 100 kmol TPA produced/h as a basis of calculation, draw and label a flowchart for the 
process. 

(b) What is the required fresh feed rate (kmol PX/h)? 

(c) What are the volumetric flow rates (m 3 /h) of the air fed to the reactor, the gas leaving the reactor, 
and the liquid water leaving the condenser? Assume ideal gas behavior for the two gas streams. 

(d) What is the mass flow rate (kg/h) of the recycle stream? 

(e) Briefly explain in your own words the functions of the oxygen, nitrogen, catalyst, and solvent in 
the process. 

In the actual process, the liquid condensate stream contains both water and PX. Speculate on 
what might be done with the latter stream to improve the economics of the process. [Hint: Note 
that PX is expensive, and recall what is said about oil (hydrocarbons) and water.] 
A flowchart of a methanol synthesis process is shown below. 



(f) 

















k 




A ■ 


■ B 


REACTOR 


C 


SEPl 


E 


SEP2 


F 











The following specifications apply to the labeled streams and process units: 

A. Fresh feed— a mixture of CO, H 2 , N 2 , and C0 2 

B. Feed to the reactor— 30.0 mole% CO, 63.0% H 2 , 2.0% N 2 , and 5.0% C0 2 . 
Reactor. Two reactions occur and proceed to equilibrium at 200°C and 4925 kPa absolute: 

Pm 



CO + 2H 2 ^ CH 3 OH(M), 



Pcopii 2 



= 3.49 x 10~ 6 kPa" 2 



CO, + 3 H 2 ^ CH3OH + H z O (K p ) 2 = = 5 19 x 10 - s kpa -z 

Pco 2 Ph 2 

C. Reactor effluent — contains all feed and product species at the reactor temperature and pressure. 
Species partial pressures satisfy the two given equations. 
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Sepl. Condenses all methanol and water in reactor effluent. 

D. Liquid methanol and water. (These species will be separated by distillation in a unit not shown.) 

E. Gas containing N 2 and unreacted CO, H2, and CO2. 
Sep2. Multiple-unit separation process. 

F. All of the nitrogen and some of the hydrogen in Stream E. 

G. Recycle stream — CO, C0 2 , and 10% of the hydrogen fed to Sep2. 

(a) Taking 100 kmol/h of Stream B as a basis of calculation, calculate the molar flow rates (kmol/h) 
and molar compositions of the remaining six labeled streams. 

(b) The process is to be used to provide 237 kmol/h of methanol. Scale up the flowchart of part (a) 
to calculate the required fresh feed rate (SCMH), the flow rate of the reactor effluent (SCMH), 
and the actual volumetric flow rate of the reactor effluent (m 3 /h), assuming ideal gas behavior. 
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volume of the delivered air (at 55°F), which is difficult to read from the psychrometric chart, is 
13.07 ft 3 /lb m dry air, and the heat capacity of liquid water is 1.0 Btu/(lb ra -°F).] 
(b) If the vent switch is set to the "closed" position (as it normally would be), inside air would be 
recirculated through the air conditioner as shown in the following diagram. 
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87°F 
h, = 80% 



75°F 

Recirculated room air h, = 40% 



AIR CONDITIONER 



COOLER 



REHEATER 
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Condensed 
water 
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The recycle ratio (ft 3 recirculated/ft 3 exhausted) is 6:1. Calculate the condensation rate and the 
overall cooling requirement in tons if conditioned air is delivered at the same rate, temperature, 
and relative humidity as in part (a). What percentage of the cooling load on the air conditioner 
is saved by recirculating the air? Explain in your own words why the cooling rate is lower when 
room air is recirculated instead of bringing all the air in from the outside, 
(c) An even lower cooling load would be required if all of the air passing through the conditioner 
were recirculated rather than just 6/7 of it, thereby eliminating the need for outside air and 
exhaust. Why would this be a bad idea? (Hint: Think about the people working in the labora- 
tory.) 

8.75. Wet wood chips are dried in a continous rotary dryer that operates at atmospheric pressure. The 
chips enter at 19°C with a water content of 40 wt% and must leave with a moisture content of less 
than 15%. Hot air is fed to the dryer at a rate of 11.6 m 3 (STP)/kg wet chips. 

To monitor the performance of the dryer by sampling the exiting chips and determining their 
moisture content directly would be a cumbersome procedure and almost impossible to automate. 
Instead, wet- and dry-bulb thermometers are mounted in both the inlet and outlet air lines, and the 
moisture content of the exiting chips is determined by a material balance. 



40 wt% H 2 0 



Moist air 




Air, 11.6 m 3 (STP)/kg wet chips 


n°o, r wt ,(°o 




7TC). r wb (°C) 


DRYER 
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After the unit goes on-stream, the inlet dry-bulb temperature is found to be 100°C, and the wet-bulb 
temperature is low enough so that the moisture content of the air may be neglected. The dry-bulb 
temperature of the exiting air is found to be 38°C, and the wet-bulb temperature is 29°C. 

(a) Use the psychrometric chart to calculate the absolute humidity (kg H 2 0/kg dry air) and specific 
enthalpy (kJ/kg dry air) of the outlet air stream. Then calculate the mass of water in the exiting 
air per kilogram of wet chips fed, assuming dry air has a molecular weight of 29.0. 

(b) Calculate the moisture content of the emerging chips and determine whether the design speci- 
fication of less than 15% H 2 0 has been achieved. 

(c) If the unit is operating adiabatically and the heat capacity of the dry chips is 2.10 kJ/(kg-°C), what 
is the exit temperature of the chips? (In estimating the specific enthalpy of the entering air, recall 
that the reference temperature for dry air used in constructing the psychrometric chart of Figure 
8.4-1 is 0°C.) 

8.76. Air at 45°C (dry bulb) and 10% relative humidity is to be humidified adiabatically to 60% relative 
humidity. 

(a) Use the psychrometric chart to estimate the adiabatic saturation temperature of the air. 

(b) Estimate the final temperature of the air and the rate at which water must be added to humidify 
15 kg/min of the entering air. (See Example 8.4-7.) 

8.77. Air at 50°C with a dew point of 4°C enters a textile dryer at a rate of 1 1 .3 m 3 /min and leaves saturated. 
The dryer operates adiabatically. Use the psychrometric chart to determine the absolute humidity 
and humid volume of the entering air, and then use the results to determine the flow rate of dry air 
(kg/min) through the dryer, the final temperature of the air, and the rate (kg/min) at which water is 
evaporated in the dryer. (Hint: Refer to Section 8.4e.) 

8.78. A solution of sugar in water is to be concentrated from 5 wt% sugar to 20% sugar. The solution 
is at about 45°C when it is fed continuously to a bubble column. Air at 45°C with a dew point of 
4°C is bubbled through the column and emerges saturated. The humidification of the air may be 
considered adiabatic. (See figure on next page.) Use the psychrometric chart to solve the following 
problems: 

(a) What are the absolute humidities of the entering and exiting air? 

(b) How many kilograms of dry air must be fed per kilogram of the entering sugar solution? What 
is the corresponding volume of the entering wet air? (Use the chart for the latter problem as 
well.) 
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8.79. Cold air at 20°F, 760 mm Hg pressure, and 70% relative humidity is conditioned by being passed 
through a bank of heating coils, then through a water spray, and finally through a second set of 
heating coils. In passing through the first coil bank, the air is heated to 75°F. The temperature of the 
water supplied to the spray chamber is adjusted to the wet-bulb temperature of the air admitted to 
the chamber, so that the humidifying unit may be assumed to operate adiabatically. It is required that 
the air emerging from the conditioning unit be at 70°F and 35% relative humidity. Use Figure 8.4-2 
to solve the following problems. 

(a) Calculate the temperature of the water supplied to the spray chamber and the relative humidity 
and dry-bulb temperature of the air leaving the spray chamber. 

(b) Calculate the mass of water evaporated (lb m ) per cubic foot of air fed to the conditioning unit. 

(c) Calculate the required heat transfer rates (Btu/ft 3 entering air) in each of the heating coil banks. 

(d) Sketch a psychrometric chart and show the path followed by the air in each of the three steps 
of this process. 

8.80. Spray cooling is a technique for cooling and either humidifying or dehumidifying air by contacting 
it with a liquid water spray. 
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The liquid water leaving the tower is recirculated and, in the case of dehumidification, cooled before 
reentering the tower. 

Two possible paths on the psychrometric chart corresponding to two different entering liquid 
temperatures are shown below. On the chart, T 0 and r dp are the entering air dry-bulb temperature 
and dew point, respectively. 




Dry-bulb temperature 
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Path (A): The entering liquid temperature (T^) is above the dew point of the entering air. Liquid 
water evaporates into the superheated air, causing the absolute humidity of the air to increase (the 
path rises) and both the evaporation and the contact with the cold liquid cause the air temperature 
to decrease (the path moves to the left). 

Path (5): The entering liquid temperature is below the dew point of the entering air. The temperature 
of the air contacted by the cold spray drops below the dew point (the path again moves to the left), 
and water vapor condenses out of the air (the path moves down). 

We thus arrive at the interesting conclusion that you can remove water from air by spraying water 
into the air, provided that the entering liquid temperature is below the dew point of the entering air. 
Use the psychrometric chart to solve the following spray cooling problems. 

(a) A spray tower is used to cool and humidify air with dry-bulb and wet-bulb temperatures of 40°C 
and 18°C, respectively. The air emerges from the tower at 20°C. The tower operation is such that 
the air follows an adiabatic humidification curve (a constant wet-bulb temperature line on the 
psychrometric chart). How much water must be added as makeup per kg of dry air treated? 

(b) A stream of air at 37°C and 50% relative humidity flowing at a rate of 1250 kg/h is to be cooled to 
15°C and dehumidified in a spray tower. The air is saturated as it emerges from the tower. Liquid 
water leaves the tower at 12°C; some is withdrawn, and the rest is cooled and recirculated. No 
heat is transferred between the tower and its surroundings. Calculate the rate (kg/h) at which 
water must be withdrawn from the recirculation loop and the heat duty on the cooler (kW). 
(Suggestion: Use an overall energy balance for the latter calculation.) 

8.81. The heat of solution of ammonia in water at 1 atm is 

A# S (25°C, r = 2 mol H 2 0/mol NH 3 ) = -78.2 kJ/mol 

Calculate the enthalpy change that accompanies the dissolution of 400 mol of NH 3 in 800 mol of 
water at 25°C and 1 atm. 

8.82. Use Table B.ll to determine the specific enthalpy (kJ/mol HC1) of hydrochloric acid containing 
1 mol HC1/5 mol H 2 0 at 25°C relative to: 

(a) HCl(g) and H 2 0(1) at 25°C. 

(b) H 2 0 (1) and an infinitely dilute HC1 solution at 25°C. (Note Equation 8.5-2.) 

8.83. Sodium hydroxide is dissolved in enough water to make up a 20.0 mole% solution. If the NaOfljnd 
water are initially at 77°F (25°C), how much heat (Btu/lb product solution) must be removed for the 
solution also to be at 77°F. Assume the process is carried out at constant pressure, so that Q = Mi, 
and use Table B.ll to evaluate A// s . 

8.84. A sulfuric acid solution is labeled 8N (where IN = 1 g-equivalent /L, and 1 mol of H 2 S0 4 contains 
two g-equivalents). The specific gravity of the solution is 1.230, and its heat capacity is 3.00 J/(g-°C). 
Calculate the specific enthalpy of this solution (in kJ/mol H 2 S0 4 ) at 60°C relative to pure H 2 0 and 
an infinitely dilute solution at 25°C. 

8.85. You are about to dilute 2.00 mol of 100% sulfuric acid with enough water to produce a 30 mole% 
aqueous solution. The acid and water are initially at 25°C. 

(a) How much heat would have to be removed to keep the final solution at 25°C? 

(b) Suppose the flask has a mass of 150 g, and that the heat capacity of the flask and its contents 
is 3.30 J/(g-°C). If the flask is sufficiently insulated to be considered adiabatic, what will be the 
final solution temperature? 

8.86. An 8-molar hydrochloric acid solution [SG = 1.12, C p = 2.76 J/(g-°C)] is produced by absorbing 
hydrogen chloride [HCl(g)] in water. Liquid water enters the absorber at 25°C and gaseous HC1 is 
fed at 20°C and 790 torr (absolute). Essentially all of the HC1 fed to the column is absorbed. Take 
one liter of product solution as a basis of calculation. 

(a) Estimate the volume (liters) of HC1 that must be fed to the absorber. 

(b) Estimate the heat (kJ) that must be transferred from the absorber if the product solution is to 
emerge at 40°C. 

(c) Estimate the final solution temperature if the absorber operates adiabatically. 

8.87. A 0.1 mole% caustic soda (NaOH) solution is to be concentrated in a continuous evaporator. The 
solution enters the unit at 25°C at a rate of 150 mol/min and is concentrated to 5 mole% at 50°C 
Hot dry air at 200°C and 1.1 bar absolute is bubbled through the evaporator and leaves saturated 
with water at 50°C and 1 atm. Calculate the required volumetric flow rate of the entering air and the 
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rate at which heat must be transferred to or from the unit. Assume that the heat capacity per unit 
mass of all liquid solutions is that of pure water. 

8.88. Water is added to pure sulfuric acid in a well-insulated flask initially at 25°C and 1 atm to produce 
a 4.00-molar sulfuric acid solution (SG = 1.231). The final temperature of the product solution is 
to be 25°C, so that the water added must be chilled liquid (T < 25°C), or a mixture of liquid water 
and ice. Take as a basis of calculation one liter of the product solution and assume Q = AH for the 
process. If you need to know the heat capacity of ice, take it to be half that of liquid water. 

(a) If only liquid water is added, what masses (g) of H 2 S0 4 and H 2 0 should be mixed and what 
should be the initial temperature of the water? 

(b) If a mixture of liquid water and ice is added, how many grams of each should be fed? 

8.89. Ortho-phosphoric acid (H3PO4) is produced as a dilute aqueous solution that must be concentrated 
before further use. In one facility, 100 tons/day of a 28 wt% P 2 0 5 solution [see part (a) of this prob- 
lem] at 125T is to be concentrated in a single evaporator to 42 wt% P 2 G" 5 . Heat is supplied to the 
evaporator by condensing saturated steam at 27.5 psia. The evaporator is to operate at 3.7 psia, and 
there is a boiling point elevation of 37°F for the 42 wt% P 2 0 5 solution in the evaporator (see Section 
6.5c). The heat of solution of H3PO4 at 77°F may be taken to be -5040 Btu/lb-mole H3PO4 relative 
to H3PO4 (1) and H 2 0(1). The heat capacity of the 28% solution is 0.705 Btu/(lb m -°F) and that of the 
42% solution is 0.583 Btu/(lb m -°F). 

(a) It is conventional for the compositions of phosphoric acid solutions to be expressed in terms 
of wt% P 2 0 5 . Write the stoichiometric equation for the formation of ortho-phosphoric acid 
(MW = 98.00) from phosphorus pentoxide (MW = 141.96), and use it to derive the expres- 
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wt% H3PO4 = 1.381(wt% P 2 O s ) 

(b) Calculate the ratio (lb m water evaporated/lb m feed solution). 

(c) Suppose the water evaporated is subsequently condensed at a constant pressure of 3.7 psia. De- 
termine the condensate flow rate in gal/min. How much heat (Btu/min) can be recovered through 
condensation of this water? At what temperature is this heat available? (To put it another way, 
if this heat were to be transferred to another stream, what is an upper bound on the temperature 
of that stream?) 

(d) How much steam (lb m /h) must be supplied to the system to evaporate the required amount of 
water? Recast your answer in terms of lb m steam per lb m water evaporated. 

8.90. Two hundred kilograms per hour of an aqueous solution containing 20.0 mole% sodium acetate 
(NaC 2 H 3 0 2 ) enters an evaporative crystallizer at 60°C. When the solution is exposed to the low 
pressure in the evaporator, 16.9% of the water evaporates, concentrating the remaining solution 
and causing crystals of sodium acetate trihydrate (NaC 2 H 3 0 2 -3 H 2 0) to form. The product is an 
equilibrium mixture of crystals and a saturated aqueous solution containing 15.4 mole% NaC 2 H30 2 . 
The effluents (crystals, solution, and water vapor) are all at 50°C. 

(a) Calculate the feed rate to the crystallizer in kmol/h. 

(b) Calculate the production rate (kg/h) of trihydrate crystals and the mass flow rate (kg/h) of the 
liquid solution in which the crystals are suspended. 

(c) Estimate the rate (kJ/h) at which heat must be transferred to or from the crystallizer (state 
which), using the following physical property data: 

(C P U solutions = 3.5 kJ/(kg-°C) 

(C P ) crystals — 

1.2 kJ/(kg-°C) 
(C„)h 2 o(v) = 32.4 kJ/(kmol-°C) 
(A# v ) Hz o = 4.39 X 10 4 kJ/kmol 
Heat of solution of anhydrous sodium acetate: 

Atf s (25°C) = -1.71 X 10 4 kJ/kmol NaC 2 H 3 0 2 
Heat of hydration: NaC 2 H 3 0 2 (s) + 3 H 2 0(1) -* NaC 2 H 3 0 2 -3 H 2 0(s) 
A/?(25°C) = -3.66 X 10 4 kJ/kmol NaC 2 H 3 0 2 

8.91. Fifty milliliters of 100% H 2 S0 4 at 25°C and 84.2 mL of liquid water at 15°C are mixed. The heat 
capacity of the product solution is 2.43 J/(g-°C). Estimate the maximum temperature attainable by 
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the product solution and state the conditions under which this temperature would be attained, using 
heatofmixingdatafromTableB.il. & 

8.92. Suppose m A (g) of species A {molecular weight M A , heat capacity C pA [J/(g-°C)]} at temperature 
T A0 (°C) and m B (g) of species B (A/ B , C pB ) at temperature T B0 are mixed adiabatically. The heat of 
mixing of A and B at 25°C is AH m (r) (J/mol A in solution), where r = (m B / M B )/ (m A / M A ). The heat 
capacity of the product solution is Cps[J/(g-°C)]. All heat capacities may be considered independent 
of temperature. 

(a) Derive an expression for 7" max , the highest temperature attainable by the product solution, in 
terms of the other quantities defined. State the conditions that would have to be met for this 
temperature to be approached. 

(b) Use your expression to estimate 7/ max for a process in which 100.0 g of sodium hydroxide at 25°C 
and 225.0 g of water at 40°C are combined to form a product solution with a heat capacity of 
3.35 J/(g-°C). 

8.93. One g-mole of pure liquid sulfuric acid at temperature T 0 (°C) is mixed with r g-moles of liquid water, 
also at temperature T 0 (°C), in an adiabatic container. The final solution temperature is 7" S (°C). The 
mass heat capacities of the pure acid, pure water, and the product solution [J/(g-°C)] are C p3 , C pvl , 
and C ps , respectively, all of which may be taken to be constant (independent of temperature). 

(a) Without doing any calculations, sketch the plot of T s versus r you would expect to obtain for r 
varying between 0 and ». (Hint: Think first about what you would expect T s to be at the extreme 
values of r.) 

(b) Use an energy balance to derive an expression for T s in terms of the initial acid and wa- 
ter temperatures, the heat capacities, the water/acid mole ratio (r), and the heat of mixing 
AH m (r, 25 °C) (kJ/mol H 2 S0 4 ). 

*(c) A series of 1.00 mol samples of pure liquid sulfuric acid are added to 11 insulated flasks contain- 
ing varying amounts of water. The quantities of water in the flasks and the mass heat capacities 
of the product solutions are tabulated below: 



r (mol H 2 0) 


0.5 


1.0 


1.5 


2.0 


3.0 


4.0 


5.0 


10.0 


25.0 


50.0 


100.0 


C P [J/(g-°C)] 


1.58 


1.85 


1.89 


1.94 


2.10 


2.27 


2.43 


3.03 


3.56 


3.84 


4.00 



The heat capacities of pure sulfuric acid and pure water may be determined from the molar heat 
capacities in Table B.2 evaluated at 25°C. All heat capacities should be taken to be independent 
of temperature. 

Unfortunately, the laboratory air conditioner has been out of order for three weeks (Physi- 
cal Plant promises they will get to it any day now) and the temperature on the July afternoon of 
the experiment (which also equals the initial acid and water temperatures) is an uncomfortable 
40°C. Write a spreadsheet to generate a table and then a plot of 7/ s , the final temperature in each 
flask, versus r, the water/acid mole ratio of the solution in the flask. (Suggestion: Make the r axis 
logarithmic.) Assume that mixing is adiabatic. 
(d) The actual experimental plot of T s versus r would lie below the one determined in part (c). 
Why? 

*8.94. A stirred tank with volume V t (L) is charged with Vi(L) of a liquid, B. The space above the liquid 
(volume V g = V, - V,) is filled with a pure gas, A, at an initial pressure P 0 (atm). The initial system 
temperature is r 0 (K). The stirrer in the tank is turned on, and A begins to dissolve in B. The dissolu- 
tion continues until the liquid is saturated with A at the final system temperature (T) and pressure 
(/')• " 

The equilibrium solubility of A in B is governed by the following expression, which relates the 
molar A/B ratio in the liquid to the partial pressure of A in the gas phase (which in turn equals the 
pressure in the tank, since the gas is pure A): 

r(mol A/mol B) = & s /? A (atm) 

where 

£ s [mol A/(mol B-atm)] = c 0 + c x T(K) 



*Computer problems. 
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When solving the problems to be given, use the following variable definitions: 

• M A , M B = molecular weights of A and B 

• C vA , C„ B , Ct, s [J/(g-K)] =constant-volume heat capacities of A(g), B(l), and solutions of A in B. 
respectively 

• SG B = specific gravity of B(l) 

• A$ s (J/mol A dissolved) = internal energy of solution at 298 K (independent of composition over 
the range of concentrations to be considered) 

• «aoi «bo = g-moles of A(g) and B(l) initially charged into the tank 

• «ao). »a(v) = g-moles of A dissolved and remaining in the gas phase at equilibrium, respectively 

Make the following assumptions: 

• A negligible amount of B evaporates. 

• The tank is adiabatic and the work input to the tank from the stirrer is negligible. 

• The gas phase behaves ideally. 

• The volumes of the liquid and gas phases may be considered constant. 

• The heat capacities C vA , C vB , and C m are constant, independent of temperature and (in the case 
of C M ) solution composition. 

(a) Use material balances, the given equilibrium solubility relation, and the ideal gas equation of 
state to derive expressions for n A0 , n B0 . n A{v) , n MU . and P in terms of the final temperature. T. 
and variables M A , M B , SG B , V u V u T 0 , P 0 , c 0 , and c x . Then use an energy balance to derive the 
following equation: 

T = 2 98 + W-At/s) ~ (n A0 M A C vA + n m M B C vB ){T 0 - 298) 
n A(v) M A C vA + (n A0) M A(l) + n B M B )C„ 

(b) Write a spreadsheet to calculate T from specified values of M A (= 47)..V/ B (= 26).SG B (= l.~6). 
V t ( = 20.0), V,( = 3.0), c 0 (= 1.54 x lO" 3 ), c,(= -1.60 X lO" 6 ). C rA (= 0.831). C B ( = 5.S51. 
C OT (= 3.80), and A£/ s (= -1.74 X 10 5 ). and a number of different values of To and P .. The 
spreadsheet should have the structure given below. (Calculated values are shown for one initial 
temperature and pressure.) 



Problem 8.94 


























Vt 


MA 


CvA 


MB 


CvB 


SGB 


cO cl DUs Cvs 


20.0 


47.0 


0.831 


26.0 


3.85 


1.76 


0.00154 : -1.60E-06 -174000 3.S0 














j 


VI 


TO 


P0 


Vg 


nBO 


nAO 


T nA(v) nA(l) P Teak 


3.0 

— 


300 


1.0 










3.0 


300 


5.0 










3.0 


300 


10.0 


17.0 


203.1 


6.906 


320.0 : 5.222 1.684 8.1 3142 


3.0 


300 


20.0 










3.0 


330 


1.0 










3.0 


330 


5.0 










3.0 


330 


10.0 










3.0 


330 


20.0 











The values of V g , n B0 , and n A0 should first be calculated from the given values of the other 
variables. Next, a value of T should be guessed (in the example in the table, the auessed value 
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is 320 K), the values of n A(v) , n A(1) , and P should be calculated from the equations derived in part 

(a) , and the temperature should be recalculated from the energy balance in the column labeled 
Tcaic (it equals 314.2 in the example). The value of T should then be varied until it equals the 
recalculated value of T C3ic . (Suggestion: Create a new cell as T - r ca i c and use goalseek to find 
the value of T that drives T - T caic to zero.) 

Enter the formulas in the cells for V x = 3.0 L, T 0 = 300 K, and P 0 = 10.0 atm, and ver- 
ify that your cell values match those shown above. Then find the correct value of T using 
the procedure just described, copy the formulas into the other rows of the table, and deter- 
mine T for each set of initial conditions. Summarize the effects of the initial temperature 
and pressure on the adiabatic temperature rise and briefly explain why your results make 
sense. 

(c) Write a computer program to perform the same calculations done with the spreadsheet in part 

(b) . 

• Define values of V t , M A , C vA , M B , C vB , SG B , c 0 , c x , At? s , and C ra . Use the values shown in the 
fourth row of the spreadsheet. 

• Read in a set of values of V B , T 0 , and P 0 . Have the program terminate if V B < 0.0. 

• If a positive value is read in for V s , calculate V G , « B , and n A0 . 

• Assume a value of T. (Try 1.1 7/ 0 as a first guess.) 

• Calculate « A(v) , n A(1) , and P from the equations derived in part (a), then recalculate T from 
the energy balance. Print out the values of 7" (assumed), P, n A{v) , n Am , and T (recalculated). 

• If the assumed and recalculated values of T are within 0.01 K of each other, end the loop and 
go back to read the next set of input variables. If they are not and more than 15 iterations have 
been performed, terminate with an error message. Otherwise, repeat the previous step, using 
the recalculated value of T as the assumed value for this iteration. 

Run the program for the eight sets of conditions shown in the spreadsheet table. 

8.95. An aqueous solution containing 85.0 wt% H 2 S0 4 at 60°F (specific gravity = 1.78) is diluted with 
pure liquid water at the same temperature. The feed solution volume is 350 mL. The mixing may be 
considered adiabatic, and the pressure is constant at 1 atm. 

(a) The product solution is to contain 30.0 wt% H 2 S0 4 . Calculate the volume (mL) of water needed 
for the dilution, ideally using a single-dimensional equation. 

(b) Use the enthalpy-concentration chart of Figure 8.5-1 to estimate the specific enthalpies (Btu/lb m ) 
of the feed solution and the water. Then write an energy balance on this closed system constant- 
pressure process and solve it for the specific enthalpy of the product solution. Finally, use Figure 
8.5-1 to verify your calculated value of // pro duct and to estimate the product solution temperature. 
(See Example 8.5-3.) 

(c) Use Figure 8.5-1 to estimate the maximum temperature that could be attained by mixing the 
feed solution with pure water and the concentration (wt% H 2 S0 4 ) of the product solution. 

(d) Good laboratory practice calls for adding acid to water when carrying out dilutions rather than 
vice versa. Use Figure 8.5-1 to justify this rule for the dilution of the feed solution in this problem. 

8.96. Aqueous sulfuric acid solutions containing 15.0 wt% H 2 S0 4 and 80.0 wt% H 2 S0 4 are mixed to form 
a 60.0 wt% product solution. The 15% solution was in a laboratory in which the temperature was 
77°F. The 80% solution had just been taken from a storage cabinet in an air-conditioned stockroom 
and was at a temperature of 60°F when the mixing occurred. 

(a) The mass of the 15% solution is 2.30 lb m . What mass of 60% solution should be weighed out? 

(b) Use Figure 8.5-1 to estimate the product solution temperature if the mixing is adiabatic. (See 
Example 8.5-3.) 

(c) The product solution temperature eventually drops to (77°F). How much heat (Btu) is trans- 
ferred from the solution to the laboratory air in this constant-pressure cooling process? 

(d) Which would be safer— adding the 15% solution slowly to the 80% solution or vice versa? Use 
Figure 8.5-1 to justify your answer. 

8.97. You have analyzed an aqueous ammonia solution and find that it contains 30 wt% NH 3 . 

(a) Use Figure 8.5-2 to determine the mass fraction of NH 3 in the vapor that would be in equilibrium 
with this solution in a closed flask at 1 atm and the corresponding system temperature. 

(b) If the liquid phase in part (a) accounts for 90% of the total system mass, calculate the overall 
system composition and specific enthalpy using balances. (See Example 8.5-3.) 
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8.98. An NH3-H2O mixture containing 60 wt% NH 3 is brought to equilibrium in a closed container at 
140°F. The total mass of the mixture is 250 g. Use Figure 8.5-2 to determine the masses of ammonia 
and of water in each phase of the system. 

8.99. An ammonia solution at a high pressure is flash-vaporized at a rate of 200 lb m /h. The solution con- 
tains 0.70 lb m NH 3 /lb m , and its enthalpy relative to H 2 0(1, 32°F) and NH 3 (1, -40°F) is -50 Btu/lb m . 
Liquid and gas streams emerge from the unit at 1 atm and 80°F. Use Figure 8.5-2 to determine the 
mass flow rates and ammonia mass fractions of the vapor and the liquid product streams and the 
rate (Btu/h) at which heat must be transferred to the vaporizer. (See Example 8.5-4.) 



Chapter 9 



Balances on 
Reactive Processes 

Consider the familiar reaction in which water is formed from hydrogen and oxygen: 

2H 2 (g) + 0 2 (g) — 2H 2 0(v) 
On the molecular level, the reaction might be depicted as follows: 

o 

Each time this reaction takes place, three chemical bonds are broken (two between hydrogen 
atoms and one between oxygen atoms) and four bonds are formed among the atoms of the two 
water molecules. As it happens, more energy is released when the water molecule bonds form 
than it takes to break the hydrogen and oxygen molecule bonds. For the reactor temperature 
to remain constant, the net energy released (about 250 kJ per mol of water formed) must be 
transferred away from the reactor; otherwise it can raise the reactor temperature by several 
thousand degrees. 

In any reaction between stable molecules, energy is required to break the reactant chemical 
bonds and energy is released when the product bonds form. If the first process absorbs less 
energy than the second process releases (as in the water formation reaction), the reaction is 
exothermic: the product molecules at a given temperature and pressure have lower internal 
energies (and hence lower enthalpies) than the reactant molecules at the same temperature 
and pressure. The net energy released — the heat of reaction — must be transferred from the 
reactor as heat or work, or else the system temperature increases. On the other hand, if less 
energy is released when the product bonds form than it took to break the reactant bonds, the 
reaction is endothermic: energy must be added to the reactor as heat or work to keep the 
temperature from decreasing. 

The large internal energy and enthalpy changes commonly associated with chemical reac- 
tions can play major roles in the design and operation of chemical processes. If a reaction is 
endothermic, the energy needed to keep the reactor temperature (and hence the reaction rate) 
from dropping too much may cost enough to turn a profitable process into an unprofitable one. 
On the other hand, if the reaction is exothermic, heat usually must be transferred away from 
the reactor to keep the temperature below a value that leads to safety or product quality prob- 
lems. The heat transferred may be an asset, as when the reactor is a combustion furnace and the 
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heat is used to generate steam in a boiler. It may also be a liability: for example, a momentary 
failure of the reactor temperature control system can lead to rapid overheating and possibly 
an explosion. 

An energy balance on a reactor tells the process engineer how much heating or cooling 
the reactor requires in order to operate at the desired conditions. In this chapter we show how 
enthalpy changes that accompany chemical reactions are determined from tabulated physical 
properties of the reactants and products and how calculated enthalpies of reaction are incor- 
porated in energy balances on reactive processes. 



TEST 1- Explain in your own words the concepts of exothermic and endothermic reactions. The 

YOURSELF terms "chemical bonds" and "heat of reaction" should appear in your explanation. 

(Answers, p. 660) 2. The following two sentences seem to contain a self-contradiction. 

In an exothermic reaction, the products are at a lower energy level than the 
reactants. However, if the reactor is not cooled, the products are hotter than the 
reactants, which means they must be at a higher energy level than the reactants. 

Identify the logical error in this paragraph. 



CREATIVITY EXERCISE 

Suppose an exothermic reaction takes place in a continuous reactor. Think of several ways the 
heat of reaction might be removed, illustrating your suggestions with sketches. (For example, 
pass a cold fluid through a hollow metal tube immersed in the reactor, so that heat is transferred 
from the hot reacting fluid to the coolant.) 



9.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Explain in your own words the concepts of heat of reaction; exothermic and endothermic 
reactions; heat of formation; combustion; heat of combustion; standard heats of formation, 
combustion, and reaction; heating value of a fuel; adiabatic flame temperature; ignition tem- 
perature; ignition lag; lower and upper flammability limits and flash point of a fuel; a flame; 
blue and yellow flames; flashback; and detonation. 

• Given (a) the amount of any reactant consumed or any product generated in a reaction at 
a given temperature and pressure and (b) the heat of the reaction at that temperature and 
pressure, calculate the total enthalpy change. 

• Determine a heat of reaction from heats of other reactions using Hess's law. Determine stan- 
dard enthalpies and internal energies of reaction from known standard heats of formation 
and heats of combustion. 

• Write and solve an energy balance on a chemical reactor using either the heat of reaction 
method (taking reactant and product species as references for enthalpy calculations) or the 
heat of formation method (taking elemental species as references), and specify which method 
is preferable for a given process. Write the process path implicitly adopted when each method 
is used. 

• Solve reactive-system energy balance problems for (a) the heat transfer required for specified 
inlet and outlet conditions, (b) the outlet temperature corresponding to a specified heat input 
(e.g., for an adiabatic reactor), and (c) the product composition corresponding to a specified 
heat input and a specified outlet temperature. 

• Solve energy balance problems for processes involving solutions for which heats of solution 
are significant. 

• Convert a higher heating value of a fuel to a lower heating value and vice versa. 
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9.1 HEATS OF REACTION 



Consider the reaction between solid calcium carbide and liquid water to form solid calcium 
hydroxide and gaseous acetylene: 

CaC 2 (s) + 2H 2 0(1) — Ca(OH) 2 (s) + C 2 H 2 (g) (9.1-1) 

The expression stoichiometric quantities of reactants means molar amounts of the reactants 
numerically equal to their stoichiometric coefficients. For the calcium carbide reaction, stoi- 
chiometric quantities of the reactants in the SI system of units would be 1 moi of CaC 2 (s) and 
2 mol of H 2 0(1). If stoichiometric quantities of the reactants are fed and the reaction proceeds 
to completion, both reactants would be completely consumed and stoichiometric quantities of 
the products would be formed. (Convince yourself.) 

The heat of reaction {or enthalpy of reaction), AH r (T, P), is the enthalpy change for a pro- 
cess in which stoichiometric quantities of reactants at temperature T and pressure P react com- 
pletely in a single reaction to form products at the same temperature and pressure. For example, 
the heat of the calcium carbide reaction at 25° C and 1 atm is 

Atf r (25°C, 1 atm) = -125.4 kJ/mol (9.1-2) 

Equations 9.1-1 and 9.1-2 together signify that if 1 mol of solid calcium carbide reacts com- 
pletely with 2 mol of liquid water to form 1 mol of solid calcium hydroxide and 1 mol of gaseous 
acetylene, and the initial and final temperatures are both 25°C and the initial and final pressures 
are both 1 atm, then //products ~ ^reactants = —125.4 kJ. If the reaction is run under conditions 
such that the energy balance reduces to Q = A#, then 125.4 kJ of heat must be transferred 
from the reactor in the course of the reaction. (Recall that a negative Q implies flow of heat 
out of the system.) 

The units of AH T often cause confusion. For example, if the heat of a reaction is reported 
to be -50 kJ/mol, you might ask "per mol of what?" This difficulty is avoided if you recall that 
the given A/f r applies to stoichiometric quantities of each species. For example, 

2A + B -* 3C: AH r (100°C, 1 atm) = -50 kJ/mol 

means that the enthalpy change for the given reaction is 

-50 kJ = -50 kJ _ -50 kJ 
2 mol A consumed 1 mol B consumed 3 mol C generated 

If you knew, say, that 150 mol of C/s was generated in the given reaction at 100° C and 1 atm, 
you could calculate the associated enthalpy change as 

150 mol C generated = ^ kJft 



AH = 



3 mol C generated 

More generally, if va is the stoichiometric coefficient of a reactant or reaction product A 
(positive if A is a product, negative if it is a reactant) and «A,r moles of A are consumed or 
generated at T = Tq and P — Pq, then the associated enthalpy change is 

A// r (?Q, P 0 ) 
A/1 = j j n A ,r 

In Chapter 4, we defined the extent of reaction, £, as a measure of how far a reaction has pro- 
ceeded. From Equation 4.6-3, this quantity is 

£ — i^A-QUt ~ ftA.inl _ n A,r 1-3) 
I "A I I"aI 

From the preceding two equations, it follows that if a reaction takes place at a temperature To 
and pressure Pq and the extent of reaction is £, the associated enthalpy change is 



(9.1-4) 
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For a continuous process, n A ,r(mol) would be replaced by /i A , r (mol/s) in this expression £(mol) 
would be replaced by £(mol/s), and A#(kJ) would be replaced by A//(kJ/s). 

Following are several important terms and observations related to heats of reaction. 

1. If AH T (T, P) is negative the reaction is exothermic at temperature T and pressure P , and if 
AH T (T, P) is positive the reaction is endothermic at T and P . These definitions of exother- 
mic and endothermic are equivalent to the ones given earlier in terms of chemical bond 
strengths. (Convince yourself.) 

2. At low and moderate pressures, AH r (T, P) is nearly independent of pressure. We will pre- 
sume this independence in the balance of this chapter and write the heat of reaction as 
AH T (T). 

3. The value of the heat of a reaction depends on how the stoichiometric equation is written. 
For example, 

CH4(g) + 20 2 (g) — C0 2 (g) + 2H 2 0(1): A# rl (25°C) = -890.3 kJ/mol 
2 CH 4 (g) + 4 0 2 (g) — 2 C0 2 (g) + 4H 2 0(1): Att r2 (25°C) = -1780.6 kJ/mol 
This result should seem reasonable to you if you look back at the definition of AH T . The 
first line states that the combined enthalpy of 1 gram-mole of C0 2 plus 2 gram-moles of 
liquid water is 890.3 kJ lower than the combined enthalpy of 1 gram-mole of methane plus 
2 gram-moles of oxygen at 25°C. Doubling the quantity of reactants at a given condition 
doubles the total enthalpy of the reactants at that condition, and similarly for the products. 
The difference between the product and reactant enthalpies in the second reaction (by def- 
inition, AH t2 ) must therefore be double the enthalpy difference in the first reaction (Atf rl ). 

4. The value of a heat of reaction depends on the states of aggregation (gas, liquid, or solid) 
of the reactants and products. For example, 

CH 4 (g) + 2 0 2 (g) —* C0 2 (g) + 2 H 2 0(1): Att r (25°C) = -890.3 kJ/mol 
CH 4 (g) + 2 0 2 (g) — C0 2 (g) + 2 H 2 0(g): A// r (25°C) = -802.3 kJ/mol 

The only difference between the reactions is that the water formed is a liquid in the first 
one and a vapor in the second. Since enthalpy is a state function, the difference between 
the two heats of reaction must be the enthalpy change associated with the vaporization 
of 2 mol of water at 25°C— that is, 2A# V (25°C). 

5. The standard heat of reaction, AH°, is the heat of reaction when both the reactants and 
products are at a specified reference temperature and pressure, usually (and always in this 
text) 25°C and 1 atm. 

Calculation of Heats of Reaction 

1. The standard heat of the combustion of /i-butane vapor is 

C 4 Hi 0 (g) + l i 0 2 (g) 4 C0 2 (g) + 5 H 2 0(1): AH° = -2878 kJ/mol 

Calculate the rate of enthalpy change, Atf(kJ/s), if 2400 mol/s of C0 2 is produced in this reac- 
tion and the reactants and products are all at 25°C. 

2. What is the standard heat of the reaction 

2 C 4 H 10 (g) + 13 0 2 (g) — * 8C0 2 (g) + 10H 2 O(l) 

Calculate AH if 2400 mol/s of C0 2 is produced in this reaction and the reactants and products 
are all at 25°C. 

3. The heats of vaporization of n-butane and water at 25°C are 19.2 kJ/mol and 44.0 kJ/mol. re- 
spectively. What is the standard heat of the reaction 

QH 10 (1) + f 0 2 (g) — 4C0 2 (g) + 5H 2 0(v) 

Calculate AH if 2400 mol/s of C0 2 is produced in this reaction and the reactants and products 
are all at 25°C. 
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SOLUTION 1. From Equation 9.1-3, 



^ = 2400rnol^ = 600mol/s 
I "co, I 4 

Equation 9.1-4 



I 1 



AH = k AH° = ^600 ^ J^-2878 ~ j = -1.73 X 10 6 kJ/s 

2. Since doubling the stoichiometric coefficients of a reaction must double the heat of reaction, 

AH° 2 = 2A//° = 2(-2878kJ/mol) = -5756kJ/mol 

The enthalpy change associated with the production of 2400 mol/s of C0 2 at 25°C cannot de- 
pend on how the stoichiometric equation is written (the same quantities of reactants and prod- 
ucts at the same temperatures must have the same enthalpies), and so AH must be the value 
calculated in part (a). Let us do the calculation and prove it, however. From Equation 9.1-3, 

i = = 2400 r 1/s = 300 m ° i/s 



I "CO, I 



li 



Equation 9.1-4 



AH = £ AH° = ^300 52^-5756 -J^j = -1.73 X 10 6 kJ/s 

3. Compare the two reactions: 

C 4 H 10 (g) + f 0 2 (g) — 4 C0 2 (g) + 5 H 2 0(1): (A//°) = -2878 kJ/mol 
C 4 H 10 (1) + l { 0 2 (g) — 4C0 2 (g) + 5H 2 0(v): (A//° 2 ) = ? 

The total enthalpy of the products in the second reaction [4 mol CCMg) + 5 mol H 2 0(g) at 
25°C] is greater than that of the products in the first reaction [4 mol C0 2 (g) + 5 mol H 2 0(1) 
at 25 C C] by five times the heat of vaporization of water. Similarly, the total enthalpy of the 
reactants in the second reaction is lower than that of the reactants in the first reaction by the 
heat of vaporization of butane. (Why?) Since AH r = //products _ //reactants, it follows that 

(A//°) = (A//") 4- 5(A// v )h 2 o + (A// v )c 4 h io 



[-2878 + 5(44.0) + 19.2] kJ/mol = 



-2639 kJ/mol 



-1.58 x 10 6 kJ/s 



If a reaction takes place in a closed reactor at constant volume, the heat released or ab- 
sorbed is determined by the change in internal energy between reactants and products. The 
internal energy of reaction, AU r (T), is the difference //products - //reactants if stoichiometric quan- 
tities of reactants react completely at temperature T. 

Suppose a reaction occurs, and v, is the stoichiometric coefficient of the i th gaseous reac- 
tant or product. If ideal gas behavior can be assumed and specific volumes of liquid and solid 
reactants and products are negligible compared with those of the gases, the internal energy of 
reaction is related to the heat of reaction by 

AU t (T) = AH T (T) - RT[ X N " X M ) (9 - 1 " 5) 

\ gaseous gaseous / 

\ products reactants / 

For example, for the reaction 

C 6 H 14 (1) + 4 0 2 (g) - 6CO(g) + 7H 2 0(v) 
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the internal energy of reaction is 

AU T (T) = AH T (T) - RT{6 + 7 - f ) 
= AH r (T) - \RT 

If there are no gaseous reactants or products, then to a good approximation AU r = AH T . 



EXAMPLE 9.1-2 Evaluation of AU t 



SOLUTION 



The standard heat of the reaction 

C 2 H 4 (g) + 2Cl 2 (g) - C 2 HC1 3 (1) + H 2 (g) + HCl(g) 
is AH° = -420.8 kJ/mol. Calculate AU° for this reaction. 

From the stoichiometric equation 

Vi (product gases) = 1 + 1 = 2 
y, f / (reactant gases) = 1 + 2 = 3 

From Equation 9.1-5 

AU r = AH Z - RT(2 - 3) 
= -420.8 kJ/mol 



8.314 J 


298 K 


- 1 


1 kJ 


mol-K 






10 3 J 



-418.3 kJ/mol 



TEST I- 
YOURSELF 2. 
(Answers, p. 661) 



What is a heat of reaction? A standard heat of reaction? 
Suppose AH° is -40 kJ/mol for the reaction 2 A -» B. 

(a) What is the value of the ratio (kJ/mol A reacted)? 

(b) Is the reaction exothermic or endothermic at 25°C and 1 atm? 

(c) If the reactants and products are at the same temperature, must heat be added to or 
withdrawn from the reactor? (Assume that the energy balance reduces to Q = AH.) 

(d) If the reactor is adiabatic (Q = 0), would the products leave at a higher or a lower 
temperature than that of the entering reactants? 

C 6 H 14 (1) + l i O a — 6C0 2 + 7H 2 0(1): AH° = -4163 kJ/mol 
C 6 H 14 (g) + ^0 2 - 6C0 2 + 7H 2 0(1): AH° = -4195 kJ/mol 
The standard state for the heats of reaction is 25° and 1 atm. What is the physical signifi- 
cance of the difference between the two given values of AH°? 

Write the formula for AU r (T) in terms of AH r (T) for the reaction A(g) + 2B(g) + C(l) —• 
D(g) + 2E(s). 

Derive Equation 9.1-5 from the definition of H as U + PV. 



9.2 MEASUREMENT AND CALCULATION OF 
HEATS OF REACTION: HESS'S LAW 

A heat of reaction may be measured in a calorimeter— a closed reactor immersed in a fluid 
contained in a well-insulated vessel. The rise or fall of the fluid temperature can be measured 
and used to determine the energy released or absorbed by the reaction, and the value of AH° 
may then be calculated from that energy and known reactant and product heat capacities. 

There are serious limitations to this technique, however. Suppose, for example, you wish 
to determine AH° for the reaction 

C(s) + \ 0 2 (g) - CO(g) 
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You could put 1 mole of carbon and 0.5 mole of oxygen together in a reactor, but you would 
never get 1 mole of carbon monoxide as the final product. If the reactants are at or near 25°C 
or lower, nothing apparent would occur since the rate at which carbon and oxygen react at 
this temperature is immeasurably low. If, on the other hand, the mixture were heated to a 
temperature at which C and 0 2 react at a measurable rate, the product would be either pure 
C0 2 or at best a mixture of CO and C0 2 , making it impossible to determine the heat of the 
CO formation reaction alone. 

However, you can carry out the reactions 

1. C + 0 2 -+ C0 2 : A#° = -393.51 kJ/mol 

2. CO + j0 2 -* C0 2 : AH° 2 = -282.99 kJ/mol 

and determine their heats of reaction experimentally. You may then construct a process path 
for the reaction 

3. C + ±0 2 -»> CO: AH° 3 = ? 

Reaction (3) 

AH° 3 

c + jo 2 (+|o 2 ) -CO( +2 -0 2 ) 

25°C 25°C 




co 2 

25°C 



Since H is a state function, 

A//° 3 = A/% + (-A#°) = (-393.51 + 282.99) kJ/mol = -110.52 kJ/mol 

You have thus calculated the desired heat of reaction, which could not be measured directly, 
from two measurable heats of reaction. 

This result could have been obtained more concisely by treating the stoichiometric equa- 
tions for reactions 1 and 2 as algebraic equations. If the equation for reaction 2 is subtracted 
from that for reaction 1, the result is 

C + 0 2 - CO - \Q 2 C0 2 - C0 2 

C + \0 2 -* CO (reaction 3) 

The standard heat of reaction 3 may be calculated by applying the same operation to the heats 
of reactions 1 and 2 — that is, A#° 3 = AH° X - A#° 2 — confirming the result previously obtained. 

The general statement of the validity of this procedure is called Hess's law: // the stoi- 
chiometric equation for reaction 1 can be obtained by algebraic operations (multiplication by 
constants, addition, and subtraction) on stoichiometric equations for reactions 2,3,..., then the 
heat of reaction A# r ° can be obtained by performing the same operations on the heats of reactions 
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The standard heats of the following combustion reactions have been determined experimentally: 

1. C 2 H 6 + \0 2 — 2C0 2 + 3H 2 0: 

2. C + 0 2 — C0 2 : A//° 2 = -393.5 kJ/mol 

3. H 2 + iQ 2 -* H 2 0: A# r ° 3 = -285.8 kJ/mol 



A#° = -1559.8 kJ/mol 
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Use Hess's law and the given heats of reaction to determine the standard heat of the reaction 
4. 2C + 3H 2 - C 2 H 6 : AH? 4 =? 

SOLUTION Since 

(4) = 2 x (2) + 3 x (3) - (1) 

{verify), from Hess's law 

A//° 4 = 2AH° 2 + 3A//° - A//° = -84.6 kJ/mol 

This heat of reaction could not have been measured directly, since you cannot react carbon and 
hydrogen in such a way that ethane is the only reaction product. 



TEST 

YOURSELF 
(Answers, p. 661) 



1. What is Hess's law? 

2. Suppose heats of reaction at 25°C are measured experimentally for the following set of re- 
actions: 



-lOOOkJ/mol 



A/f° 

A#° = -2000 kJ/mol 



2A + B -* 2C: 
A + D C + 3E: 
Use Hess's law to show that for 

B + 6 E — 2 D : AH° = +3000 kJ/mol 

9.3 FORMATION REACTIONS AND HEATS OF FORMATION 

A formation reaction of a compound is the reaction in which the compound is formed from its 
elemental constituents as they normally occur in nature (e.g., 0 2 rather than O). The enthalpy 
change associated with the formation of 1 mole of the compound at a reference temperature 
and pressure (usually 25° C and 1 atm) is the standard heat of formation of the compound, A//°. 

Standard heats of formation for many compounds are listed in Table B.l of this text and 
on pp. 2-187 through 2-198 of Perry's Chemical Engineers' Handbook. 1 For example, AfY° for 
crystalline ammonium nitrate is given in Table B.l as -365.14 kJ/mol, signifying 

N 2 (g) + 2H 2 (g) + §0 2 (g) - NH 4 N0 3 (c): AH° = -365.14 kJ/mol 
Similarly, for liquid benzene \H° = 48.66 kJ/mol, or 

6 C(s) + 3 H 2 (g) - C 6 H 6 (1) : \H° = +48.66 kJ/mol 
The standard heat of formation of an elemental species (e.g., 0 2 ) is zero. (Why?) 

It may be shown using Hess's law that if vi is the stoichiometric coefficient of the i' h species 
participating in a reaction (+ for products, - for reactants) and Ai/° is the standard heat of 
formation of this species, then the standard heat of the reaction is 



products 



reactants 



(93-1) 



The standard heats of formation of all elemental species should be set equal to zero in this 
formula. The validity of Equation 9.3-1 is illustrated in the next example. 

• •<•- ..... 

EXAMPLE 9.3-1] Determination of a Heat of Reaction from Heats of Formation 

Determine the standard heat of reaction for the combustion of liquid n-pentane, assuming H 2 0(1) 
is a combustion product. 

C S H 12 (1) + 8 0 2 (g) — 5C0 2 (g) + 6H 2 0(1) 



'R. H. Perry and D. W. Green, eds., Perry's Chemical Engineer's Handbook, 7th Edition, McGraw-Hill, New 
York, 1997. 
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SOLUTION 



From Equation 9.3-1 



Atf° = 5(AW f °)co 2( g) + 6(A// f °)H 2 oo) - (A// ( °)c 5 h 12 (» 

j| Heats of formation from Table B.l 
AH° = [5(-393.5) + 6(-285.84) - (-173.0)] kJ/mol 



-3509 kJ/mol 



To verify the formula for AH°, we may write the stoichiometric equations for the formation reac- 
tions of the reactants and products: 

1. 5 C(s) + 6 H 2 (g) - C 5 H 12 (1): Atf° = (Atf f °)c 5 H 12 (i) 

2. C(s) + 02(g) - C0 2 (g): A/% = (Atf°)co 2 (g) 

3. H 2 (g) + i0 2 (g) - H 2 0(1): A/% = (A/? f °) H2 o(i) 



The desired reaction, 
4. CjH 12 (l) + 8 0 2 (g) 



5 C0 2 (g) + 6 H 2 0(1): AH° 



may be obtained as 5 X (2) + 6 X (3) - (1) (verify), and the given formula for AH° then follows from 
Hess's law. 

Techniques for estimating heats of formation of compounds with known molecular struc- 
tures are given by Reid, Prausnitz, and Poling. 2 



TEST 

YOURSELF 
(Answers, p. 661) 



1. The standard heat of the reaction 

2 CO -* 2 C + 0 2 

is AH° = +221.0 kJ/mol. Use this result to calculate the standard heat of formation of 
CO and check your result with a tabulated value. 

2. AH° is -28.64 kcal/mol for C 3 H 8 (1) and -24.82 kcal/mol for C 3 H 8 (g). What is the physical 
significance of the difference between these values? 

3. Consider the reaction 

CH 4 + 2 0 2 -* C0 2 + 2 H 2 0(v) 

Write the formula for AH? in terms of the standard heats of formation of the reactants 
and products. 



9.4 HEATS OF COMBUSTION 

The standard heat of combustion of a substance, AH°, is the heat of the combustion of that 
substance with oxygen to yield specified products [e.g., C0 2 (g) and H 2 0(1)], with both reactants 
and products at 25°C and 1 atm (the arbitrary but conventional reference state). 

Table B.l lists standard heats of combustion for a number of substances. The given val- 
ues are based on the following assumptions: (a) all carbon in the fuel forms C0 2 (g), (b) all 
hydrogen forms H 2 0(1), (c) all sulfur forms S0 2 (g), and (d) all nitrogen forms N 2 (g). The 
standard heat of combustion of liquid ethanol, for example, is given in Table B.l as AH° = 
- 1366.9 kJ/mol, which signifies 

C 2 H 5 OH(l) + 3 0 2 (g) — 2 C0 2 (g) + 3 H 2 0(1) : A// r (25°C, 1 atm) = -1366.9 kJ/mol 

Additional heats of combustion are given on pp. 2-195 through 2-199 of Perry's Chemical En- 
gineers' Handbook (see footnote 1). 



2 R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill. 
New York, 1987. 
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Standard heats of reactions that involve only combustible substances and combustion prod 
ucts can be calculated from tabulated standard heats of combustion, in another application of 
Hess s law. A hypothetical reaction path may be constructed in which (a) all combustible reac 
tants are burned with 0 2 at 25°C and (b) C0 2 and H 2 0 combine to form the reaction products 
plus 0 2 . Step (b) involves the reverse of the combustion reactions of the reaction products. 
Since both steps involve only combustion reactions, the total enthalpy change— which equals 
the desired heat of reaction— can be determined entirely from heats of combustion as 



reactants 



(9.4-1) 



products 



If any of ;the reactants or products are themselves combustion products [CO H^O(l) SO, 1 
their AH° terms in Equation 9.4-1 should be set equal to 0. " " ' 

Note that this formula is similar to that used to determine AH? from heats of formation 
except that in this case the negative of the sum is taken. The validity of this formula is illustrated 
in the next example. 



EXAMPLE 9.4-L Calculation of a Heat of Reaction from Heats of Combustion 

Calculate the standard heat of reaction for the dehydrogenation of ethane: 



C 2 H 6 — QH, + H 2 



SOLUTION 



From Table B.1, 

(A^ c °)c 2H6 = -1559.9 kJ/mol 
(A/? c °) C2 h 4 = -1411.0 kJ/mol 
(AH c °)h, = -285.84 kJ/mol 

From Equation 9.4-1, therefore, 

AH° = (A// c °) C2 h 6 - (AH C °) C:H4 - (A// C °V = 



136.9 kJ/mol 



As an illustration, let us demonstrate the validity of this formula using Hess's law. The combustion 
reactions are 



2 C0 2 + 3 H 2 0 
• 2 C0 2 + 2 H 2 0 



1. C 2 H 6 + \0 2 

2. C 2 H 4 + 3 0 2 

3. H 2 + l0 2 — H 2 0 

It is easy to show that 

4. C 2 H 6 — C 2 H 4 + H 2 

is obtained as (1) - (2) - (3). (Show it.) The desired result follows from Hess's law. 



One of the principal applications of Equation 9.4-1 is to determine heats of formation for 
combustible substances whose formation reactions do not occur naturally. For example, the 
formation reaction of pentane 

5 C(s) + 6 H 2 (g) -» C 5 H 12 (1): AH? = ? 
cannot be carried out in a laboratory, but carbon, hydrogen, and pentane can all be burned 
and their standard heats of combustion determined experimentally. The heat of formation of 
pentane may then be calculated from Equation 9.4-1 as 

(A// f °)c 5 H 12(I ) = 5(AH?) C(s) + 6(A//°) H2(g) - (A//°) CiHi:(n 
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CREATIVITY EXERCISE 

When an exothermic reaction takes place, the energy released raises the temperature of the 
reactor contents unless the reactor is cooled. Suppose such a reaction occurs in a batch reactor. 

1. Think of as many reasons as you can why you might not want the reactor temperature to 
increase. (Example: The product might degrade or decompose at higher temperatures.) 

2. Think of as many ways as you can to keep the reactor temperature from increasing as the 
reaction proceeds. (Example: Throw in some ice.) 



9.5 ENERGY BALANCES ON REACTIVE PROCESSES 

9.5a General Procedures 

To perform energy balance calculations on a reactive system, proceed much as you did for 
nonreactive systems: (a) draw and label a flowchart; (b) use material balances and phase equi- 
librium relationships such as Raoult's law to determine as many stream component amounts 
or flow rates as possible; (c) choose reference states for specific enthalpy (or internal energy) 
calculations and prepare and fill in an inlet-outlet enthalpy (or internal energy) table; and 
(d) calculate AH (or AU or AH), substitute the calculated value in the appropriate form of the 
energy balance equation, and complete the required calculation. 

Two methods are commonly used to choose reference states for enthalpy calculations and 
to calculate specific enthalpies and AH 3 . We outline the two approaches below, using a propane 
combustion process to illustrate them. For simplicity, the material balance calculations for the 
illustrative process have been performed and the results incorporated into the flowchart. 



100 mol C 3 H 8 (g)/s 
25°C 



600 mol 0 2 (g)/s 
2256 mol N 2 (g)/s 
300°C 




<2(kJ/s) 



100 mol 0 2 (g)/s 
2256 mol N 2 (g)/s 
300 mol C0 2 (g)/s' 
400 mol H 2 0(v)/s 
1000°C 



C 3 H 8 (g) + 5 02(g) -* 3 C0 2 (g) + 4 H 2 0(1) : AH° = -2220 kJ/mol 



Heat of Reaction Method This method is generally preferable when there is a single reaction 
for which AH° is known. 

1. Complete the material balance calculations on the reactor to the greatest extent possible. 

2. Choose reference states for specific enthalpy calculations. The best choices are generally 
reactant and product species at 25°C and 1 atm in the states for which the heat of reaction 
is known [C 3 H 8 (g), 0 2 (g), C0 2 (g), and H 2 0(1) in the example process], and nonreacting 
species at any convenient temperature, such as the reactor inlet or outlet temperature or 
the reference condition used for the species in an available enthalpy table [N 2 (g) at 25°C 
and 1 atm, the reference state for Table B.8]. 

3. For a single reaction in a continuous process, calculate the extent of reaction, £, from Equa- 
tion 9.1-3.* When writing the equation, choose as species A any reactant or product for 



3 In what follows, we presume that the value of AH is needed for the energy balance. If AU or AH is required, 
replace each H that appears with U or H. 

4 If multiple reactions occur you would calculate the extents of each independent reaction, £1, - - • (Equation 
4.6-6 on p. 123), but for such processes you are generally better off using the heat of formation method to be 
described. 
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which the feed and product flow rates are known. In the example, we may choose any 
reactant or product since we know all inlet and outlet species flow rates and calculate the 
rate of consumption or generation of A (« A .r in Equation 9.1-3) as |(« A ) out - (ii A ) in |. If A 
is propane, 

i - K^C,H 8 )out ~ (nc 3 H»)inl |0-100|mol/s 

s j j = : = 100mol/s 

As an exercise, let A be 0 2 , C0 2 , or H 2 0 and verify that the value of f is independent of 
the species chosen. 

4. Prepare the inlet-outlet enthalpy table, inserting known molar amounts (n t ) or flow rates 
(hi) for all inlet and outlet stream components. If any of the components is at its reference 
state, insert 0 for the corresponding H t . For the example process, the table would appear 
as follows: 

References: C 3 H 8 (g), Q 2 (g), N 2 (g), C0 2 (g), H 2 0(1) at 25°C and 1 atm 



Substance 


"in 

(mol/s) 


(kJ/mol) 


"out 

(mol/s) 


^out 

(kJ/mol) 


C 3 H 8 


100 


0 






o 2 


600 


H 2 


100 


#4 


N 2 


2256 


H 3 


2256 


#5 


co 2 






300 


H 6 


H 2 0 






400 


H 7 



5. Calculate each unknown stream component enthalpy, Hi, as AH for the species going from 
its reference state to the process state, and insert the enthalpies in the table. In the example, 

H 2 = AH for 0 2 (25°C) — O 2 (300°C) = 8.47 kJ/mol (from Table B.8) 

We proceed in the same manner to calculate H 3 = 8.12kJ/mol,# 4 = 32.47 kJ/mol, H 5 = 
30.56 kJ/mol, H 6 = 48.60 kJ/mol, and H 7 = 81.71 kJ/mol. 
Consider the last result. By definition 

H 7 = A//forH 2 0(l, 25°C) — H 2 0(g, 1000°C) 
We could either use steam tables to determine AH in one step or heat the liquid water 
from 25°C to 100°C, vaporize it, heat the vapor from 100°C to 1000°C, and calculate H 7 = 



hs°c c pI dT + A// V (100°C) + | 



1000°C 
100°C 



Cpv dT. 



6. Calculate AH for the reactor. Use one of the following formulas: 
AH = £ AH° + h OM H om - ^ hi n H m (single reaction) 

= zl ij + ^ "outworn - ^ «in^ui (multiple reactions) 



(9.5-la) 
(9.5-lb) 



reactions 



A derivation of these equations is outlined following the presentation of the heat of for- 
mation method. Substitution of the previously calculated values into Equation 9 5- la 
yields AH = -1.26 x 10 5 kJ/s. 
7. Substitute the calculated value of AH in the energy balance (Q - W s = AH + AE k + AE p 
for an open system) and complete the required calculations. 

Heat of Formation Method: This method is generally preferable for multiple reactions and 
single reactions for which AH T is not readily available. 

1. Complete the material balance calculations on the reactor to the greatest extent possible. 

2. Choose reference states for enthalpy calculations. (This is the step that distinguishes the 
preceding method from this one.) The choices should be the elemental species that con- 
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stitute the reactants and products in the states in which the elements are found at 25°C 
and 1 atm [C(s), H 2 (g), etc.] and nonreacting species at any convenient temperature. In 
the example, the reference states would be C(s), H 2 (g), and 0 2 (g) at 25°C (the elemental 
species constituting the reactants and products), and N 2 at 25°C (the reference tempera- 
ture of Table B.8). 

3. Prepare the inlet-outlet enthalpy table, inserting known molar amounts ( nt) or flow rates 
(hj) for all inlet and outlet stream components. For the example process, the table would 
appear as follows: 



References: C(s), H 2 (g), 0 2 (g), N 2 (g) at 25°C and 1 atm 



Substance 


"in 

(mol/s) 


H m 

(kJ/mol) 


"out 

(mol/s) 


H 0 at 

(kJ/mol) 


C 3 H 8 


100 


Hi 






o 2 


600 


H 2 


100 


H 4 


N 2 


2256 


H 3 


2256 


H 5 


C0 2 






300 


H 6 


H 2 0 






400 


H 7 



4. Calculate each unknown specific enthalpy. For a reactant or product, start with the ele- 
mental species at 25°C and 1 atm (the references) and form 1 mol of the process species 
at 25°C and 1 atm (AH = AH° from Table B.l). Then bring the species from 25°C and 

1 atm to its process state, calculating AH using the appropriate heat capacities from Ta- 
ble B.2, specific enthalpies from Table B.8 or B.9, and latent heats from Table B.l. The 
specific enthalpy that goes in the inlet-outlet table is the sum of the enthalpy changes for 
each step in the process path. 

In the example, we would first calculate the specific enthalpy of the entering propane 
(Hi) as follows: 

3 C(s)(25°C, 1 atm) + 4 H 2 (g)(25°C, 1 atm) — C 3 H 8 (g)(25°C, 1 atm) 

H x = (A# f °) C3 H 8{g ) = - 103.8 kJ/mol (from Table B.l) 

This is the enthalpy of propane at 25°C (the process state) relative to C(s) and H 2 (g) at 
25°C (the reference states). If the propane had entered at a temperature T 0 other than 
25°C, a term of the form | 2 ^ c C p dT would be added to the heat of formation of propane. 
Next, we calculate the specific enthalpy of 0 2 at 300°C (the process state) relative to 

0 2 at 25°C(the reference state) as H 2 = 8.47 kJ/mol (from Table B.8). There is no heat 
of formation term, since 0 2 is an elemental species. We proceed in the same manner to 
calculated = 8. 12 kJ/mol, H 4 = 32.47 kJ/mol,# 5 = 30.56kJ/mol,H 6 = -344.9 kJ/mol, 
and H y = -204.1 kJ/mol. To calculate H 6 and H 7 , we form the corresponding species 
[C0 2 (g) and H 2 0(v)] at 25°C from their elements (AH = A# f °), then heat them from 
25°C to 1000°C (AH = #iooo°c from Table B.8), and add the formation and heating terms. 

5. Calculate AH for the reactor. For both single and multiple reactions, the formula is 

AH = «out#out ~ 2 " in ^ in (9,5 " 2) 

Note that heat of reaction terms are not required if the elements are chosen as references. 
The heats of reaction are implicitly included when the heats of formation of the reactants 
(included in the H m terms) are subtracted from those of the products (in the H oat terms) 
in the expression for AH. Substituting the calculated h and H values into Equation 9.5-2 
yields AH = -1.26 X 10 5 kJ/s. 
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6. Substitute the calculated value of AH in the energy balance equation and complete the re- 
quired calculations. 

The process paths that correspond to the heat of reaction and heat of formation methods 
are shown below. 



Reactants 
i 

t 

Reactants 
25°C 



AH 



■ Products 

Tout 



•-■»- Products 
25°C 



(a) Process path for heat 
of reaction method 



Reactants 
T 

1 in 



AH 



■ Products 



Elements 

25°C 

ib) Process path for heat 
of formation method 



The heat of reaction method amounts to bringing the reactants from their inlet conditions to 
their reference states at 25°C (AH = - Y h m H m ), carrying out the reaction at 25°C (from 
Equation 9.1-3, AH = £ AH° or the summation of such terms for multiple reactions), bring- 
ing the products from their reference states at 25°C to their outlet states (AH = 2 n OM H out ), 
and summing the enthalpy changes for these three steps to calculate AH for the overall process! 
The heat of formation method amounts to bringing the reactants from their inlet conditions to 
their constituent elements at 25°C I (AH = - X n in H in ), taking the elements to the products at 
their outlet states (AH = 2 n out H oM ), and summing the enthalpy changes for these two steps 
to calculate AH for the overall process. 



EXAMPLE 9.5-11 Energy Balance About an Ammonia Oxidizer 

The standard heat of reaction for the oxidation of ammonia is given below: 

4 NH 3 (g) + 5 0 2 (g) — 4 NO(g) 4- 6 H 2 0(v): AH° = -904.7 kJ/mol 

One hundred mol NH 3 /s and 200 mol 0 2 /s at 25°C are fed into a reactor in which the ammonia is 
completely consumed. The product gas emerges at 300°C. Calculate the rate at which heat must be 
transferred to or from the reactor, assuming operation at approximately 1 atm. 

SOL UTION Basis: Given Feed Rates 



100 mol NH 3 /s 
200 mol 0 2 /s 
25 3 C 



Q(kJ/s) 



100 mol NO/s ' 
150 mol H 2 0/s _ 
75 mol 0 2 /s 
300°C 



(Verify the product flow rates.) Since only one reaction takes place and AH° is known, we will use 
the heat of reaction method for the energy balance, choosing as references the reactant and product 
species in the states for which the heat of reaction is given. The enthalpy table appears as follows: 



References: NH 3 (g), 0 2 (g), NO(g), H 2 0(v) at 25°C and 1 atm 





n m 


Hin 


flout 


^out 


Substance 


(mol/s) 


(kJ/mol) 


(mol/s) 


(kJ/mol) 


NH 3 


100 


0 






o 2 


200 


0 


75 


Hx 


NO 






100 


Hz 


H 2 0 






150 


Hi 
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Calculate Unknown Enthalpies 

0 2 (g, 300°C): From Table B.8, Hi = 8.470 kJ/mol (Insert value in enthalpy table) 



NO(g, 300°C): H 2 = 



r30o°c Table B.2 



(C p ) m dT » #2 = 8.453 kJ/mol (Insert in table) 



25°C 



H 2 0(v, 300°C): From Table B.8, H 3 = 9.570 kJ/mol (Insert in table) 
Calculate £ and A// 

Since 100 mol NH 3 /s is consumed in the process (A = NH 3 , n A . r = 100 mol NH 3 consumed/s), 
Equation 9.1-3 becomes 

■ «NH3£ = 100mol/ S ^ 25mQl/s 

* l"NH,l 4 

^Equation 9.5-la 

AH = f Atf r ° + 2] "outWout " X " in ^ in 



v 

from table 



= (25 mol/s)(-904.7 kJ/mol) + [(75)(8.470) + (100)(8.453) 
+ (150)(9.570) - (100)(0) - (200)(0)] kJ/s = -19,700 kJ/s 



Energy Balance 

For this open system, 



Q - W s = AH + A£ k + A£ p 

W s = 0 (no moving parts) 
A£ p = 0 (horizontal unit) 
-jj. A£ k * 0 (neglect kinetic energy changes) 



Q ~ AH = -19,700 kJ/s = 



-19,700 kW 



Thus, 19,700 kW of heat must be transferred from the reactor to maintain the product temperature at 
300° C. If less heat were transferred, more of the heat of reaction would go into the reaction mixture 
and the outlet temperature would increase. 



The heat of formation method, which involves taking elemental constituents of the reac- 
tants and products in their naturally occurring states as references for enthalpy calculations, is 
usually convenient for processes that involve several simultaneous reactions. The next example 
illustrates this approach. 



EXAMPLE 9. 5-2 Energy Balance on a Methane Oxidation Reactor 



Methane is oxidized with air to produce formaldehyde in a continuous reactor. A competing reaction 
is the combustion of methane to form C0 2 . 

1. CH 4 (g) + 0 2 - HCHO(g) + H 2 0(v) 

2. CH 4 (g) + 2 0 2 -* C0 2 + 2H 2 0(v) 

A flowchart of the process for an assumed basis of 100 mol of methane fed to the reactor is shown 
here. 
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100 mo! CH A 



SOLUTION 



25°C 



100 mol 0 2 
376 mol N 2 
100°C 



REACTOR 



60 mol CH 4 
30 mol HCHO(g) 
10 mol C0 2 
50 mol H 2 0(v) 
50 mol 0 2 
376 mol N 2 
150°C 



Basis: 100 mol CH^ Fed 

Since the component amounts of all streams are known, we mav proceed directly to the energy 
balance We choose as references the elemental species that form the reactants and products at 
25 C and 1 atm (the state for which heats of formation are known) and the nonreactiye species- 
N 2 (g)-also at 25 C and 1 atm (the reference state for Table B.8). The inlet-outlet enthalpy table is 
shown below. rj 

References: C(s), 0 2 (g), H 2 (g), N 2 (g) at 25°C and 1 atm 



Substance 


"in 

(mol) 


(kJ/mo!) 


n out 

(mol) 


H out 
(kJ/mol) 


CH4 


100 


Hx 


60 


H 4 


0 2 


100 


H 2 


50 


Hs 


N 2 


376 




376 


He 


HCHO 






30 




co 2 






10 




H 2 0 






50 


H 9 



Calculate Unknown Enthalpies 

In the following calculations, values of AH? come from Table B.l, formulas for CJT) come from 
Table B.2, and values of H(T) for 0 2 and N 2 are specific enthalpies relative to the gaseous species 
at 25 C taken from Table B.8. Effects of any pressure changes on enthalpies are neglected, and the 
details of the calculations are not shown. 



CH 4 (25°C): H, = (A#°)ch 4 = -74.S5 kJ/mol 
O 2 (100°C): H 2 = Ho 2 (100°C) = 2.235 kJ/mol 
H 3 = # N2 (100°C) = 2.187 kJ/mol 

150°C 



N 2 (100°C) 
CH 4 (150°C) 



f 150°C 

H 4 = (A#°)ch 4 + (C p ) CH4 dT 

J 2 5°C 



= (-74.85 + 4.90) kJ/mol = -69.95 kJ/mol 
O 2 (150°C): H 5 = ^o 2 (150°C) = 3.758 kJ/mol 
N 2 (150°C): H 6 = H N2 (150°C) = 3.655 kJ/mol 

r 150 °c 

HCHO(150°C): H 7 = (A//°) H cho + (C p ) HCHO dT 

J 2 5°C 

= (-115.90 + 4.75) kJ/mol = -111.15 kJ/mol 
CO 2 (150°Q: H S = (AH f °)co 2 +//co 2 (150°C) 

= (-393.5 + 4.75) kJ/mol = -388.6 kJ/mol 
H 2 0(v, 150°C): H 9 = (A^)h : o,v, + // H ,o(v)(150°C) 

= (-241.83 + 4.27) kJ/mol = -237.56 kJ/mol 

As each of these values is calculated, it should be substituted in the inlet-outlet enthalpy table. The 
table finally appears as follows: 
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References: C(s), 0 2 (g), H 2 (g), N 2 (g) at 25°C and 1 atm 





"in 




"out 


Haul 


Substance 


(mol) 


(kJ/mol) 


(mol) 


(kJ/mol) 


CH 4 


100 


-74.85 


60 


-69.95 


o 2 


100 


2.235 


50 


3.758 


N 2 


376 


2.187 


376 


3.655 


HCHO 






30 


-111.15 


co 2 






10 


-388.6 


H 2 0 






50 


-237.56 



Evaluate AH 

From Equation 9.5-2, 

AH = X "out^out - X " inHin = -15,300 kJ 

If molecular species had been chosen as references for enthalpy calculations, the extents of each 
reaction (£i and £ 2 ) would have had to be calculated and Equation 9.5-lb used to determine AH. 
When more than one reaction occurs in a process, you are advised to choose elemental species as 
references and avoid these complications. 

Energy Balance 

Remember that we are dealing with a continuous process and hence an open system. [The reason 
we use n(mol) and not n(mol/s) is that we took 100 mol CH 4 as a basis of calculation.] With A£ k , 
A£ p , and W s neglected, the open system energy balance yields 

Q = AH = -15,300 kJ 



9.5b Processes with Unknown Outlet Conditions: Adiabatic Reactors 

In the reactive systems we have looked at so far, the inlet and outlet conditions were specified 
and the required heat input could be determined from an energy balance. 

In another important class of problems, the input conditions, heat input, and product com- 
position are specified, and the outlet temperature is to be calculated. To solve such problems, 
you must evaluate the enthalpies of the products relative to the chosen reference states in terms 
of the unknown final temperature, and then substitute the resulting expressions into the energy 
balance (Q = AH, or AH = 0 for an adiabatic reactor) to calculate r ou t- 

EXAMPLE 9.5-3 Energy Balance on an Adiabatic Reactor 

The dehydrogenation of ethanol to form acetaldehyde 

C 2 H 5 OH(v) — CH 3 CHO(v) + H 2 (g) 

is carried out in a continuous adiabatic reactor. Ethanol vapor is fed to the reactor at 400°C, and a 
conversion of 30% is obtained. Calculate the product temperature. 

SOLUTION Basis: 100 mol Feed 

Material balances lead to the information on the flowchart shown here. 





REACTOR 


■ 


100 mol C 2 H 5 OH(v) 


70 mol C 2 H 5 0H(v) 


400°C 




30 mol CH 3 CH0(v) 



30 mol H 2 (g) 

r ad (°o 
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Since only one reaction occurs, we could equally well choose the reactants and products [C 2 H 5 OH(v), 
CH 3 CHO(v), H 2 (g)] or their elemental constituents [C(s), H 2 (g), 0 2 (g)] as references for enthalpy' 
calculations. Let us choose the molecular species. 

References: C 2 H 5 OH(v), CH 3 CHO(v), H 2 (g) at 25°C and 1 
atm 



Substance 


"in 

(mol) 


(kJ/mol) 


(mol) 


(kJ/mol) 


C 2 H 5 OH 


100.0 


Hi 


70.0 


H 2 


CH 3 CHO 






30.0 




H 2 






30.0 


H 4 



The open system energy balance neglecting kinetic and potential energy changes and shaft work and 
setting Q = 0 for this adiabatic reactor is 

AH = £ AH? 4- ^ n oal H ont - ]T n in H in = 0 

The expression for AH is that of Equation 9.5-la. 

Calculate Extent 0/ Reaction 

We could use any reactant or product as a basis for calculating f . Let us use acetaldehyde. From 
Equation 9.1-3. 

£ _ |(«CH 3 CHo)out ~ («cH ; CHo)inl |30.0 mol - 0 moll „„„ 
s r r— = = = 30.0 mol 

|VCH 3 CHO| 1 

Calculate Standard Heat of Reaction 

From Equation 9.3-1 and Table B.l (heats of formation), 

AH° t = X v, AH? = (-lXAtf^oHfv, + (l)(AH f °)cH 3 CHO(v, + (l)(AH°) H2(g) 
= [(-1)(-235.31) + (1)(-166.2) - (1)(0)] kJ/mol = 69.11 kJ/mol 
Calculate Inlet Enthalpy 



400°C 



25°C 



(C^)c,H,OH 



C from Table B.2 



=> #i = 33.79 kJ/mol 



Calculate Outlet Enthalpies 

The heat capacities of ethanol vapor and hydrogen are given in Table B.2. For acetaldehyde vapor, 
the heat capacity is given by Reid, Prausnitz, and Poling 5 : 

(C p Who (n^c) = 0-05048 + 1.326 X 10" 4 r - 8.050 X 10~ S T 2 + 2.380 X lO" 11 ^ 

where T is in °C. For the three species in the product stream, 

H, = f " C pi (T)dT, i = 1,2,3 

)2S°C 

If the heat capacity formulas for the three species are substituted in this expression and the integrals 
are evaluated, the results are three fourth-order polynomial expressions for H 2 (T id ), H 3 (T 3<i ), and 
W 4 (7 ad ): 

C 2 H 5 OH: # 2 (kJ/mol) = 4.958 X HT 12 ^ - 2.916 X 10" 8 r a 3 d 

+ 7.860 X 10" 5 r a 2 d + 0.06134 T ad - 1.582 



5 R. C. Reid, J. M. Prausnitz. and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill, 
New York, 1987. The formula given has been derived from the one shown in this reference, which is for the heat 
capacity in J/(mol K) with the temperature expressed in kelvin. 
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CH3CHO: 



H 2 : 



H 3 (kJ/mol) 
# 4 (kJ/mol) 



5.950 x 10" 12 T a 4 d - 2.683 X 10 _8 7 3 d 



ad 



+ 6.630 X 10- 5 r a 2 d + 0.05048T ad - 1.303 



-0.2175 x 10- 12 T a 4 d + 0.1096 X KT 8 7" 3 d 
+ 0.003825 X 10- 5 T a 2 d + 0.02884 T ad - 0.7210 

Solve the Energy Balance for J ad 

AH = f AH° + (70.0 mo\)H 2 + (30.0 mol)// 3 + (30.0 mol)tf 4 - (100.0 mol)#i = 0 

^Substitute for f ( = 30.0 mol), AH° (= 69.11 kJ/mol), A, ( = 33.79 kJ/mol), and H 2 through H, 



AH = 5.190 X 10- I0 7 a 4 d + 2.813 x 10" 6 r a 3 d + 7.492 X 10" 3 r 2 d + 6.673T ad 



1477 = 0 

6 ■ 



This equation can be solved using an equation-solving program or a spreadsheet. The solution is 



7/ ad = 185°C 



Another class of problems involves processes for which the heat input and outlet temper- 
ature are specified but the extent of reaction and product composition are not. Solving such 
problems requires the simultaneous solution of material and energy balance equations, as the 
next example illustrates. 



EXAMPLE 9.5-4 Simultaneous Material and Energy Balances 



The ethanol dehydrogenation reaction of Example 9.5-3 is carried out with the feed entering at 
300°C. The feed contains 90.0 mole% ethanol and the balance acetaldehyde and enters the reactor 
at a rate of 150 mol/s. To keep the temperature from dropping too much and thereby decreasing 
the reaction rate to an unacceptably low level, heat is transferred to the reactor. When the heat 
addition rate is 2440 kW, the outlet temperature is 253°C. Calculate the fractional conversion of 
ethanol achieved in the reactor. 



SOLUTION 



150 mol/s 


REACTOR 




0.900 mol C 2 H 5 OH(v)/mol 
0.100 mol CH 3 CHO(v)/mol 
300°C 


/ijtmol C 2 H 5 0H/s) 
n 2 (mol CH3CHO/S) 
« 3 (mol H 2 /s) 





253°C 

C 2 H 5 0H CH3CHO + H 2 



A degree-of-freedom analysis based on atomic species balances (see Section 4.7) is as follows: 

3 unknown labeled variables (h u n 2 ,h 3 ) 

- 2 independent atomic species balances (C and H) 

— 1 energy balance 

= 0 degrees of freedom 

(Convince yourself that there are only two independent atomic balances by writing the C and 
balances and observing that they yield the same equation.) 



6 To obtain the solution using a spreadsheet, put a guessed value of T ad in one cell and the expression for AH « 
an adjacent cell, and use the goalseek tool to determine the value of T ad for which the expression for AW equals 
zero. A first guess might be the value ot T. M obtaineu by dropping all higher-order terms in the expression, leaving 
6.673r ad - 1134 = 0 => T ad - 170°C. 
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Balance on C 



150 mol 


0.900 mol QH 5 OH 


2molC 


s 


mol 


1 mol C2H5OH 




_ rti(mol C2H5OH) 


2 mol C 



150 mol 


0.100 mol CH3CHO 


2 mol C 


s 


mol 


1 mol CH3CHO 



1 mol QH5OH 



• + 



h 2 {mo\ CH3CHO) 


2molC 


s 


1 mol CH3CHO 



«i + h 2 = 150 mol/s 

Balance on H 

[(150)(0.900)(6) + (150)(0.100)(4)] mol H/s = 6^ + 4n 2 + 2h 3 (Convmce yourself) 



(1) 



I 



3«i + 2h 2 + ^ = 435 mol H/s (2) 

Energy Balance 

In the last example we used molecular species as references for specific enthalpv calculations. This 
time we will use elemental species [C(s), H 2 (g), 0 2 (g)] at 25°C and 1 atm. (For a single reaction both 
choices require about the same computational effort.) The energy balance neglecting shaft work and 
kinetic and potential energy changes becomes 

*2 = A # = ]L "output - X h ™ H ™ 

The value of Q is 2440 kJ/s and the expression for bH is that of Equation 9.5-2. The specific en- 
thalpies of the species at the inlet and outlet of the process relative to their elemental constituents 
are calculated as 



Hi = + 



25° C 



C pi (T)dT 



where T is 300°C at the inlet and 253°C at the outlet. Taking standard heats of formation from Table 
B.l and formulas for C p from Table B.2 and (for acetaldehyde vapor) Example 9.5-3, we calculate 
the values of //, shown in the inlet-outlet enthalpy table. 

References: C(s), H 2 (g), 0 2 (g) at 25°C and 1 atm 



Substance 


"in 

(mol/s) 


(kJ/mol) 


"out 

(mol/s) 


^out 

(kJ/mol) 


QH5OH 


135 


-212.19 


"1 


-216.81 


CH3CHO 


15 


-147.07 


hi 


-150.90 


H 2 






"3 


6.595 



The energy balance (Q = X >W#out - Z h ia H in ) becomes 

2440 kJ/s = [-216.81^ - 150.90n 2 + 6.595n 3 - (135)(-212.19) - (15)(-147 07)] kJ/s 

I 

216.81 h x + 150.90n 2 - 6.595/i 3 = 28,412 kJ/s (3) 
Solving Equations 1 through 3 simultaneously yields 

h\ = 92.0 mol QH5OH/S 
h 2 = 58.0 mol CH3CHO/S 
h 3 = 43.0 mol H 2 /s 
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The fractional conversion of ethanol is 

_ («c 2 H 5 OH)in ~ (wc 2 H s OH)o U t = (135 - 92.0) mol/s 
(«c 2 H 5 oH)in 135 mol/s 



0.319 



9.5c Thermochemistry of Solutions 7 

The enthalpy change associated with the formation of a solution from the solute elements 
and the solvent at 25°C is called the standard heat of formation of the solution. If a solution 
contains n moles of solvent per mole of solute, then 



(Absolution = (Absolute + AH» (9.5-3) 



where \H° is the heat of solution at 25°C (Section 8.5). From the definitions of A// f ° and A// s °, 
the dimensions of the heat of formation of the solution are (energy)/(mole of solute). 

The standard heat of a reaction involving solutions may be calculated from heats of for- 
mation of the solutions. For example, for the reaction 

2 HN0 3 (aq, r = 25) + Ca(OH) 2 (aq, r = «) — Ca(N0 3 ) 2 (aq, r = «,) + 2 H 2 0(1) 
the standard heat of reaction is 

AH° = (AH f °) Ca(N o 3 ) 2 (aq) + 2(AH f °) H2 o(l) - 2(AH f 0 ) H N0 3 (aq,r = 25) ~ (AH f °)ca(OH) 2 (aq, r =») 

= -114.2 kJ/mol 

The last equation signifies that if a solution containing 2 mol of HN0 3 in 50 mol of H 2 0(r = 25) 
is neutralized at 25°C with 1 mol of Ca(OH) 2 dissolved in enough water so that the addition 
of more water would not cause a measurable enthalpy change (r = <»), the enthalpy change is 
-114.2 kJ. 

If a standard heat of formation is tabulated for a solution involved in a reaction, the tabu- 
lated value may be substituted directly into the expression for A// r ; otherwise, (A// f 0 ) so in must 
first be calculated by adding the standard heat of formation of the pure solute to the standard 
heat of solution. 



EXAMPLE 9.5-5 Standard Heat of a Neutralization Reaction 



SOLUTION 



1. Calculate AH° for the reaction 

H 3 P0 4 (aq, r = «) + 3 NaOH(aq, r = 50) -» Na 3 P0 4 (aq, r = ») + 3 H 2 0(1) 

2. If 5 .00 mol of NaOH dissolved in 250 mol of water is neutralized completely at 25°C with dilute 
phosphoric acid, what is the attendant enthalpy change? 

1. H 3 P0 4 (aq): AH° = -309.3 kcal/mol = -1294 kJ/mol [from p. 2-189 of Perry 's Chemical En- 
gineers' Handbook (see footnote 1)]. 

NaOH(aq, r = 50): (AH ( °)NaOH(aq) = (AW f 0 ) N aOH(s) + A# s °(r = 50) 

Table B.l (A# f °) 
/Table B.11 (Atf°) 

= (-426.6 - 42.51) kJ/mol = -469.1 kJ/mol 

Na 3 P0 4 (aq): A/? { ° = -471.9 kcal/mol = -1974 kJ/mol (from p. 2-193 of Perry's Chemical En- 
gineers' Handbook). 



'Reviewing Sections 8.5a and 8.5b before reading this section might prove helpful. 
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H 2 0(1): A# f ° = -285.8 kj/mol (from Table B.l) 

AH r ° = (A# f °) Na3P04(aq) + 3(A#°)h 2 o ( d " (A^°)H 3 Po 4 (a q ) - 3(A#°) NaOH(aq , r = 



■50) 



-130.1 kJ/mol 



2. If 5 mol of dissolved NaOH is neutralized, then 
Atf(25°C) 



- 130.1 kJ 


5.00 mol NaOH 


3.00 mol NaOH 





-217 kJ 



When you calculate AH for a reactive process as 

products reactants 

and one of the reactant or product species is a solution, its specific enthalpy usually has the 
dimensions (energy)/(mole of solute), so that the corresponding value of /z, must be moies or 
molar flow rate of the solute, and not of the total solution. A complicating factor may be that 
while the heat of formation of a solution is always obtained in the desired units, solution heat 
capacities are normally based on a unit mass of the total solution rather than of the solute. To 
calculate the specific enthalpy of a solution at a temperature T in (energy)/(mole of solute), 
you must first calculate m, the mass of solution corresponding to 1 mole of dissolved solute, 
and then add 

m (C p Solution dT 
J25°C 

to the standard heat of formation of the solution. The next example illustrates this calculation. 

EXAMPLE.9S-6\ Energy Balance on a Neutralization Process 

A 10.0 wt% aqueous solution of H 2 S0 4 at 40°C is to be neutralized with a 20.0 wt% aqueous solu- 
tion of NaOH at 25°C in a continuous reactor. At what rate in kJ/kg H 2 S0 4 solution must heat be 
removed from the reactor if the product solution emerges at 35°C? 



SOLUTION 



Basis: 1 kg H 2 S0 4 Solution 

H 2 S0 4 (aq, 10%) + 2 NaOH(aq, 20%) — Na 2 S0 4 (aq) + 2 H z O(l) 



1000 g 10% sulfuric acid, 40°C 

0.900 g H 2 0/g 

mi (g) 20% sodiu m hydroxide, 25'C 

0.200 g NaOH/g ' 
0.800 g H 2 0/g 




m z (g Na 2 SO a ) 
m 3 (g H 2 0) 
35°C 



This is a straightforward problem, but the number of intermediate calculations required to solve 
it might make it appear more difficult than it is. Let us summarize what must be done. 

1. Solve for my,m 2 , and m% by material balances. 

2. Calculate the solvent-to-solute mole ratios of all solutions. (The quantities are needed to de- 
termine the solution enthalpies from tabulated heats of solution.) 

3. Calculate the enthalpies of the solutions. (This will require additional composition calculations 
to allow the use of tabulated solution heat capacities.) 

4. Write the energy balance equation and solve it for the heat removal rate. 
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Equipment 
Encyclopedia 

reactor, 
condenser 



9.30. 



The feed to an adiabatic formaldehyde production reactor is obtained by bubbling a stream 
of air at 1 atm through liquid methanol. The air leaves the vaporizer saturated with methanol and 
contains 42% methanol by volume. The stream then passes through a heater in which its temper- 
ature is raised to 145°C. To avoid deactivating the catalyst, the maximum temperature attained in 
the reactor must be limited to 600°C. For this purpose, saturated steam at 145°C is metered into the 
air-methanol stream, and the combined stream enters the reactor. A fractional methanol conver- 
sion of 70.0% is achieved in the reactor, and the product gas contains 5.00 mole% hydrogen. The 
product gas is cooled to 145°C in a waste heat boiler in which saturated steam at 3.1 bar is generated 
from liquid water at 30°C. Several absorption and distillation units follow the waste heat boiler, and 
formaldehyde is ultimately recovered in an aqueous solution containing 37.0 wt% HCHO. The plant 
is designed to produce 36 metric kilotons of this solution per year, operating 350 days/yr. 

(a) Draw the process flowchart and label it completely. Show the absorption/distillation train as a 
single unit with the reactor product gas and additional water entering and the formaldehyde 
solution and a gas stream containing methanol, oxygen, nitrogen, and hydrogen leaving. 

(b) Calculate the operating temperature of the methanol vaporizer. 

(c) Calculate the required feed rate of steam to the reactor (kg/h) and the molar flow rate and 
composition of the product gas. 

(d) Calculate the rate (kg/h) at which steam is generated in the waste heat boiler. 

The synthesis of ethyl chloride is accomplished by reacting ethylene with hydrogen chloride in the 
presence of an aluminum chloride catalyst: 



C 2 H 4 (g) + HCl(g)Sc 2 H 5 Cl(g): 



Atf r (0°C) = -64.5 kJ/mol 



Process data and a simplified schematic flowchart are given here. 



Product C 



REACTOR 



Feed A 
Feed B 



Coolant 




Data 

Reactor: adiabatic, outlet temperature = 50°C 

Feed A: 100% HCl(g), 0°C 

Feed B: 93 mole% C 2 H 4 , 7% C 2 H 6 , 0°C 

Product C: Consists of 1.5% of the HC1, 1.5% of the C 2 H 4 , and all of the C 2 H 6 that enter the reactor 

Product D: 1600 kg C 2 H 5 Cl(l)/h, 0°C 

Recycle to reactor: C 2 H 5 C1(1), 0°C 

C 2 H 5 C1: AH V = 24.7 kJ/mol (assume independent of T) 

(C p )c 2 H 5 ci(v)[kJ/(moi-°C)] = 0.052 + 8.7 x 10- 5 r(°C) 

The reaction is exothermic, and if the heat of reaction is not removed in some way the reactor 
temperature could increase to an undesirably high level. To avoid this occurrence, the reaction is 
carried out with the catalyst suspended in liquid ethyl chloride. As the reaction proceeds, most of 
the heat liberated goes to vaporize the liquid, making it possible to keep the reaction temperature 
at or below 50°C. 

The stream leaving the reactor contains ethyl chloride formed by reaction and that vaporized 
in the reactor. This stream passes through a heat exchanger where it is cooled to 0°C, condensing 
essentially all of the ethyl chloride and leaving only unreacted QH4, HC1, and C 2 H 6 in the gas phase. 
A portion of the liquid condensate is recycled to the reactor at a rate equal to the rate at which ethyl 
chloride is vaporized, and the rest is taken off as product. At the process conditions, heats of mixing 
and the influence of pressure on enthalpy may be neglected. 

(a) At what rates (kmol/h) do the two feed streams enter the process? 

(b) Calculate the composition (component mole fractions) and molar flow rate of product stream C. 
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It is convenient in solution chemistry calculations to tabulate the products nH rather than n 
and H separately. The completed enthalpy table is shown below, followed by the calculations 
that led to the entries. 

References: H 2 S0 4 (aq, r = 49), 



NaOH(aq, r = 


8.9),Na 2 SO„(aq,/- = 


69) at 25°C 


Substance 


^in^in ^out^out 




H 2 S0 4 (aq) 


57.8 — 




NaOH(aq) 


0 — 


nH in kJ 


Na 2 S0 4 (aq) 


58.9 





H 2 S0 4 (aq, r = 49, 40°C): From Table 2.217, p. 2-185 of Perry's Chemical Engineers' Hand- 
book (see footnote 1), the heat capacity of a sulfuric acid solution with the given composition 
is 3.85 J/(g-°C). 



nH 



r40"C 






ml 


C p dT 




J25°C 






1000 g 


3.85 J 


(40 - 25)°C | 1 kJ 




g-°c 


1000 J 



57.8 kJ 



NaOH(aq, r = 8.9 , 25 °C): nH = 0 

Na 2 SO A {aq, r = 69, 35°C): In the absence of better information, we will assume that the heat 
capacity of the solution is that of pure water, 4.184 J/(g-°C). 



ri5°C 



nH = m 



C D dT 



25° C 



1408 g 


4.184 J 


(35 - 25)°C 


1 kJ 




g-°c 




1000 J 



= 58.9 kJ 



The heats of formation of H 2 S0 4 (1) and NaOH(c) are given in Table B.l, and the heats 
of solution of these species are given in Table B.ll. Perry's Chemical Engineers' Handbook 
(see footnote 1) on p. 2-193 gives the standard heat of formation of Na,S0 4 (aq, r = 1100) as 
-330.82 kcal/mol Na 2 S0 4 = -1384 kJ/mol Na 2 S0 4 . In the absence of heat of solution data, 
we will assume that this value also applies to the solution for which r = 69 moles of water per 
mole of solute. The standard heats of formation of the species involved in the reaction 

H 2 S0 4 (aq, r = 49) + 2 NaOH(aq, r = 8.9) — Na 2 SO,(aq) + 2 H 2 0(1) 

are obtained from Equation 9.5-4 (heat of formation of the solution equals heat of formation 
of the solute plus heat of solution) as 

H 2 S0 4 (aq): Atf° = [(-811.3) + (-73.3)] kJ/mol H 2 S0 4 = -884.6 kJ/mol H 2 S0 4 
NaOH(aq): A#° = [(-426.6) + (-41.5)] kJ/mol NaOH = -468.1 kJ/mol NaOH 
Na 2 S0 4 (aq): AH? = -1384 kJ/mol Na 2 S0 4 
H 2 0(1): AH? = -285.84 kJ/molH 2 0 
and the standard heat of reaction is therefore 

AH? = K-1384X1) + (-285.84)(2) - (-884.6X1) - (-468.1X2)] kJ/mol 
= -134.9 kJ/mol 
5. Energy balance. 

Q = AH = £AH: + y - V 

= (1.02 moi)(-134.9 kJ/mol) + (58.9 - 57.8) kJ = -136kJ 
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When a strong acid or base is dissolved in water, it dissociates into ionic species; for exam- 
ple, dissolved NaOH exists as Na + and OH - in a dilute solution. Heats of formation of ions 
may be determined from heats of solutions of such substances and may be used to calculate 
heats of formation of dilute solutions of highly dissociated materials. A good discussion of this 
topic and a table of heats of formation of ions is given by Hougen, Watson, and Ragatz. 8 

of formation of A(s) is ( A//°) A = - 100 kJ/mol; heats of solution of A in a solvent B 
r = 50molB/molA) = -10 kJ/mol and AH°(r = °°) = -15 kJ/mol. 

What is the standard heat of formation of A(soln, r = 50) relative to B and the ele- 
ments of A(s)? 

What is A//^ for A(soln, r = °°) relative to the same references? 
What is the enthalpy (kJ/mol A) of a solution of A in B at 25°C for which r = 50, 
relative to B and the elements of A at 25°C? 

What is the enthalpy (kJ) of a solution containing 5 mol of A in 250 mol of B at 25°C, 
relative to A(s) and B(l) at 25°C? What is it relative to B(l) and the elements of A at 
25°C? 

9.6 FUELS AND COMBUSTION 

The use of heat generated by a combustion reaction to produce steam, which drives turbines 
to produce electricity, may be the single most important commercial application of chemical 
reactions. (See Chapter 14.) 

The analysis of fuels and combustion reactions and reactors has always been an important 
activity for chemical engineers. In this section, we review the properties of the fuels most often 
used for power generation and outline techniques for energy balances on combustion reactors. 

9.6a Fuels and Their Properties 

Fuels burned in power-plant furnaces may be solids, liquids, or gases. Some of the more com- 
mon fuels are: 

Solid fuels: Principally coal (a mixture of carbon, water, noncombustible ash, hydrocarbons, 
and sulfur), coke (primarily carbon — the solid residue left after coal or petroleum is heated, 
driving off volatile substances and decomposing hydrocarbons), and to a small extent wood 
and solid waste (garbage). 

Liquid fuels: Principally hydrocarbons obtained by distilling crude oil (petroleum); also coal 
tars and shale oil. There is also a strong worldwide interest in the use of alcohols obtained 
by fermenting grains. 

Gaseous fuels: Principally natural gas (80% to 95% methane, the balance ethane, propane, 
and small quantities of other gases); also light hydrocarbons obtained from petroleum or 
coal treatment, acetylene, and hydrogen (the latter two are relatively expensive to produce). 

QUESTIONS FOR DISCUSSION 

Coal contains primarily carbon and combustible hydrocarbons, but also contains substantial 
amounts of noncombustible ash and as much as 5% sulfur by weight. 

1. What becomes of the sulfur when coal is burned? What about the ash? (Suggest two pos- 
sibilities for the ash.) 



s O. A. Hougen, K. M. Watson, and R. A. Ragatz, Chemical Process Principles, Part I, Wiley, New York, 1954, 
pp. 315-317. 



TEST The heat 

YOURSELF are A# s °( 

(Answers, p. 661) , , v 

1. (a) 

(b) 

2. (a) 

(b) 
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2. In view of the answer to the preceding question, why might coal be less desirable as a fuel 
than natural gas? 

3. What might prompt a power company to use coal as its primary fuel despite its drawbacks 
relative to liquid or gaseous fuels? 

The heating value of a combustible material is the negative of the standard heat of com- 
bustion. The higher heating value (or total heating value or gross heating value) is - A#° with 
H 2 0(1) as a combustion product, and the lower heating value (or net heating value) is the value 
based on H 2 0(v) as a product. Since AH° is always negative, the heating value is positive. 

To calculate a lower heating value of a fuel from a higher heating value or vice versa, 
you must determine the moles of water produced when one mole of the fuel is burned. If this 
quantity is designated n, then 

HHV = LHV + A# v (H 2 0, 25°C) (9.6-1) 

(Try to prove this relationship from the definitions of LHV and HHV and Hess's law.) The heat 
of vaporization of water at 25°C is 

A# v (H 2 0, 25°C) = 44.013 kJ/mol (9.6-2a) 
= 18,934 Btu/lb-mole (9.6-2b) 
If a fuel contains a mixture of combustible substances, its heating value (lower or higher) is 

HV = ^T Xi (HV) i (9.6-3) 

where (HV)i is the heating value of the ith combustible substance. If the heating values are 
expressed in units of (energy)/(mass), then the jc,-s are the mass fractions of the fuel components, 
while if the dimensions of the heating values are (energy)/(mole) then the jc.-s are mole fractions! 



EXAMPLE 9.6-1 Calculation of a Heating Value 



SOLUTION 



A natural gas contains 85% methane and 15% ethane by volume. The heats of combustion of 
methane and ethane at 25°C and 1 atm with water vapor as the assumed product are given below: 

CH 4 (g) + 2 0 2 (g) - COj(g) + 2 H 2 0(v): A// c ° = -802 kJ/mol 
C 2 H 6 (g) + 20 2 (g) - 2 C0 2 (v) + 3 H 2 0(v): AH° = -1428 kJ/mol 
Calculate the higher heating value (kJ/g) of the natural gas. 

Since the heating value per unit mass of the fuel is desired, we will first calculate the composition on 
a mass basis: 



1 mol fuel 



0.85 mol CH 4 
0.15 mol C 2 H 6 



13.6 g CH 4 
4.5 g C 2 H 6 



Thus 



18.1 g total 

*ch 4 = 13.6gCH 4 /l8.1g = 0.751 g CH 4 /g fuel 
*c 2 h 6 = 1 - x C h 4 = 0.249 g C 2 H 6 /g fuel 



The higher heating values of the components are calculated from the given heats of combustion 
(which are the negatives of the lower heating values) as follows: 



(HHV)^ = (LHV) CHi + *h 2 o(A// v )h 2 o 
kJ 



(HHV) C2li€ = 



802 

mol CH 4 
= 55.6 kJ/g 

kJ 



, 2 mo H 2 0 , 

+ — 44 013 

molCH 4 1 



kJ 



mol H 2 0 



1 mol 



16.0 g CH4 



1428 



mol C 2 H 6 
= 52.0 kJ/g 



+ 3mOiH2Q -(44 013 kJ 
molC 2 H 6 \ molH 2 0 



1 mol 



30.0 g C 2 H 6 
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The higher heating value of the mixture is from Equation 9.6-3: 
HHV = * C H 4 (tftf V)ch 4 + x C2H6 (HHV) C2 h 6 

= [(0.751)(55.6) + (0.249)(52.0)] kJ/g = 



54.7 kJ/g 



Higher heating values for common solid, liquid, and gaseous fuels are tabulated in Section 
27 of Perry's Chemical Engineers' Handbook (see footnote 1). Representative values are given 
in Table 9.6-1. From the standpoint of heating value per unit mass, hydrogen is clearly the 
best fuel; however, it does not occur naturally in appreciable quantities and the current cost of 
producing it makes it less economical than the other fuels in Table 9.6-1. 



Table 9.6-1 Typical Heating Values of Common Fuels 



Fuel 



Higher Heating Value 



kJ/g 



Btu/ttv 



Wood 


17 


7700 


Soft coal 


23 


10,000 


Hard coal 


35 


15,000 


Fuel oil, gasoline 


44 


19,000 


Natural gas 


54 


23,000 


Hydrogen 


143 


61,000 



The standard heat of the reaction 

n-C 4 H 10 (v) + ^ 0 2 — 4 C0 2 + 5 H 2 0(v) 

is -2658 kJ/mol. What is the lower heating value per mol of rt-butane vapor? The higher 
heating value? 

A gas mixture contains 40.0 wt% H 2 (HHV = 143 kJ/g) and 60.0 wt% CH 4 (HHV = 
55 kJ/g). Calculate the higher heating value of this mixture in kJ/g. 
In 1998, bituminous coal for residential heating use cost roughly $150 per ton. What would 
natural gas have to cost ($/ton) to be as economical as coal on a $/Btu basis? (Use Table 
9.6-1.) 

9.6b Adiabatic Flame Temperature 

When a fuel is burned, a considerable amount of energy is released. Some of this energy is 
transferred as heat through the reactor walls, and the remainder raises the temperature of the 
reaction products; the less heat transferred, the higher the product temperature. The highest 
achievable temperature is reached if the reactor is adiabatic and all of the energy released by 
the combustion goes to raise the temperature of the combustion products. This temperature is 
called the adiabatic flame temperature, r ad . 

The calculation of an adiabatic flame temperature follows the general procedure outlined 
in Section 9.5b. Unknown stream flow rates are first determined by material balances. Refer- 
ence conditions are chosen, specific enthalpies of feed components are calculated, and specific 
enthalpies of product components are expressed in terms of the product temperature, r a< j. Fi- 
nally, A//(r a d) for the process is evaluated and substituted into the energy balance equation 
(AH = 0), which is solved for T ad . 

Suppose hf (mol/s) of a fuel species with heat of combustion A#° is burned completely with 
pure oxygen or air in a continuous adiabatic reactor. If the reference states of the molecular 
feed and product species are those used to determine AH°, the enthalpy change from inlet to 



TEST 1. 
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2. 
3. 
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outlet is determined from Equation 9.5-2a to be 9 

AH = h ( AH° +^h i H i (T ad )-^h i H i (T teed ) 

out in 

Since the reactor is adiabatic, Q = 0 in the energy balance. If shaft work and kinetic and po- 
tential energy changes ( W s , A£ k , A£ p ) are negligible compared to each of the first two terms in 
the expression for AH, the energy balance simplifies to AH = 0. which in turn leads to 

X "<#<( r ad) = ~«f A// c ° + X n/tfi(7feed) (9.6-4) 

out in 

Once again, the reference states for determination of the specific enthalpies in this equation 
must be those used to determine the value of AH°. If the heats of combustion in Table B.l 
are used, the reference states would be the fuel, combustion products (including liquid water), 
and inert species at 25°C and 1 atm. The fuel would be in whichever state (solid, liquid, or gas) 
Table B.l specifies. 

If the third-order polynomial heat capacity formulas in Table B.2 are used to determine 
Hi(T a d) for each product species, Equation 9.6-4 becomes a fourth-order polynomial equation. 
Solving this equation for T ad is easily accomplished with a spreadsheet or equation-solving 
program. The next example illustrates the procedure. 

EXAMPLE 9.6-2 Calculation of an Adiabatic Flame Temperature 



Liquid methanol is to be burned with 100% excess air. The engineer designing the furnace must 
calculate the highest temperature that the furnace walls will have to withstand so that an appropriate 
material of construction can be chosen. Perform this calculation, assuming that the methanol is fed 
at 25°C and the air enters at 100°C. 

SOLUTION Basis: 1 mol CH 3 OH Burned 

Assume complete combustion. From Table B.l, 

CH 3 OH(l) + \ 0 2 — C0 2 + 2H 2 0(1): AH° = -726.6 kJ/mol 

1 mol CH 3 0H(l) 
25°C ' 



njtmol 0 2 ) 
3.76/i^mol N 2 ) 
100°C 

Calculate Component Amounts ("o 2 Woreucai = 1.50 mol 

m = (2)(1.50mol) = 3.00 mol 0> fed 

J! 

(3.76 mol N 2 /mol O 2 )(3.00 mol 0 2 ) = 11.28 mol N 2 fed 
Material balances yield 

n 2 = 1.00 mol C0 2 
n 3 = 2.00 mol H 2 0 
«4 = 1.50 mol 0 2 
n 5 = 11.28 mol N 2 

9 In the equation that follows, we make use of the fact that the tabulated values of A/? c ° presume a stoichiometric 
coefficient of 1 for the fuel species, so that h f may be substituted for f = n f \v f \ in Equation 9.5-2a. 



FURNACE 



n 2 (mol C0 2 ) 
n 3 (mol H 2 0{v)) 
rt 4 (mol 0 2 ) 
n 5 (mol N 2 ) 

r ad (°C) 
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Calculate Feed Component Enthalpies 

References: CH 3 OH(l), 0 2 , N 2 at 25°C 
CH 3 OH(l, 25°C): H = 0 

Air (100°C): H = 2.191 kJ/mol (from Table B.8) 
Evaluate the Right Side of Equation 9.6-4 

-n f AH° + V ruHi = -(1.00 mol CH 3 OH) ( -726.6 ^- ) 
" \ mo1 / 



+ (1.00 mol CH 3 OH) (0 (14.28 mol air) (2.191 ^ 



mol j \' mol 

= 757.9 kJ 

Calculate Enthalpy of Product Stream 

References: C0 2 (g), 0 2 (g), N 2 (g), and H 2 0(1) at 25°C. (Liquid water is assumed since this is the state 
for which A# c is known.) 
From Table B.2, the heat capacities of the product gases in kJ/(mol - °C) in terms of T(°C) are 

(C p )co 2 = 0.03611 + 4.233 X 10 _5 r - 2.887 X 10~ 8 r 2 + 7.464 X 10" 12 r 3 

(CV)H 2 0(g) = 0.03346 + 0.688 X 10' 5 T + 0.7604 X 10~ 8 r 2 - 3.593 x 10~ l2 T 3 

(C p )o 2 = 0.02910 + 1.158 X 10~ 5 r - 0.6076 X 10 _8 7 2 + 1.311 X 10 _12 r 3 

(C^)n 2 = 0.02900 + 0.2199 X 10" 5 T + 0.5723 x 10~ 8 7 2 - 2.871 X 10 _12 7/ 3 

We could integrate each of these formulas from the reference temperature of 25°C to the unknown 
r ad to obtain expressions for each (H,) out , and then substitute in Sout^^ h° wever > we can save some 
calculation time by summing before integrating. Substituting the values of n, calculated previously 
and the tabulated heat capacities, and recalling that to calculate (//) H2 o<g) we must first vaporize the 
liquid at 25°C (using Equation 9.6-2a for A# v ), we obtain 

mC pi = 0.4378 + 9.826 X 10~ 5 7/ + 4.178 X 10 _8 T 2 - 30.14 X 10 _12 T 3 



1} 

]T nM = n 3 (AH v ) H2 o + [ [" (2 n > C p) dT 

out J25°C 



= 88.026 + 0.4378r ad + 4.913 X 10" 5 r 2 d + 1.393 X 10~ 8 7 3 



ad 



7.535 X 10 _12 r a 4 d - 11.845 



]T n,fii = 76.18 + 0.4738T ad + 4.913 X 10 _5 r 2 d + 1.393 X 10" 8 r 3 d 



- 7.535 X 10 _12 r a 4 d 



Energy Balance 

From Equation 9.6-4 

]T n,tf ( = ~m &H° + ^ nfii = 757.9 kJ 

out in 

Ji 

7.535 X 10 _12 r 4 d - 1.393 X 10" 8 T 3 d - 4.913 X 10- 5 r 2 d - 0.4738T ad + 681.7 = 0 

This quartic equation may be solved using a spreadsheet, an equation-solving program, or a cal- 
culator programmed to solve polynomial equations. The solution is 

T ad = 1256°C 
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The furnace wails will therefore never be exposed to a temperature greater than 1256°C as long 
the feed and air properties remain the same. 



The adiabatic flame temperature is much greater when pure oxygen rather than air is fed 
to the reactor and is greatest when the fuel and oxygen are fed in stoichiometric proportion. 

TEST 1- What is the adiabatic flame temperature of a fuel? 

YOURSELF 2. Suppose T ad is the adiabatic flame temperature calculated for a given fuel + air feed to a 

(Answers, p. 661) furnace. Give two reasons why the actual furnace temperature might be less than T ad . 

3. Why should the adiabatic flame temperature be much higher for a pure oxygen feed than 
for an air feed? 

9.6c Flammability and Ignition 

In this section and the one that follows, we discuss qualitatively what happens during the rapid 
chemical reaction between a fuel and oxygen. Along the way, we provide answers to the fol- 
lowing questions: 

1. What is a flame? Why are some flames blue and some yellow? 

2. If you light a match in a mixture of methane and air that contains 10% CH 4 by volume, the 
mixture will burn explosively, but if the mixture contains 20% CH 4 nothing will happen 
Why? 

3. What is an explosion? What is the loud noise you hear when something explodes? 

4. Hydrogen and oxygen react explosively to form water, yet if you mix these two gases in a 
flask, nothing happens. Why not? 

We have so far in this text only considered the initial and final conditions in a chemical 
reactor, and not how long it may have taken to get from one to the other. When you study 
chemical reaction kinetics, you will learn that the rate of a reaction depends strongly on the 
reaction temperature; for many reactions, a temperature rise of only 10°C is enough to double 
the rate. 

Suppose a mixture of methane and air containing 10 mole% CH 4 is heated by a central 
heat source (e.g., an electrical coil) at atmospheric pressure, beginning at room temperature. 
Although methane reacts with oxygen 

CH 4 + 2 0 2 -* CO : + 2 H 2 0 

the reaction proceeds at an immeasurably low rate at room temperature, and to an observer 
nothing would seem to be happening in the reactor. 

As the temperature increases, the rate of the oxidation reaction also increases, and mea- 
surable amounts of C0 2 and H 2 0 appear. However, if the heat source is turned off, the reac- 
tor temperature drops again— the rate at which heat is generated by the reaction alone is not 
enough to compensate for the rate at which heat is lost from the reaction zone. 

However, if the temperature at any point in the reactor reaches about 640°C or higher, the 
rate of heat generation by the reaction exceeds the rate of heat loss from the reaction zone. 
The gas adjacent to this zone is then heated above 640°C, causing the zone of rapid reaction to 
spread. The temperature of the gas rapidly rises by several hundred or even a thousand degrees 
in a fraction of a second; even if the heating source is turned off, the rate of heat generation 
by the now rapidly occurring reaction is enough to maintain the system at its high temperature 
until the reactants are exhausted. 

Combustion is defined as a rapid, high-temperature oxidation reaction. What happens 
in the reactor just described after the reaction rate accelerates dramatically is combus- 
tion, whereas the initial slow oxidation reaction between methane and oxygen to form 
C0 2 and H 2 0 and other reactions between these species, such as the formation reaction of 
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formaldehyde 

CH 4 + 0 2 — HCHO + H 2 0 

are not classified as combustion reactions. 

The rapid increase in the rate of an oxidation reaction when the reaction mixture exceeds 
a certain temperature is called ignition; the temperature at which this phenomenon occurs is 
called the ignition temperature, and the time between the instant when the mixture reaches the 
ignition temperature and the moment of ignition is the ignition lag. The ignition temperature 
and lag are shown here on a representative plot of the temperature of a fuel mixture that is 
being heated. 

rrc) 



ignition 



Time (s) 

The value of the ignition temperature depends on a number of things for a given fuel, 
including the fuel-to-air ratio, the total pressure in the reactor, and even the reactor geometry. 
For any given fuel, there is a lower limit to this quantity called the autoignition temperature. 
Representative values of this quantity for stoichiometric fuel-air mixtures at 1 atm are 400°C 
for H 2 , 540°C for CH 4 , and 515°C for C 2 H 6 . Ignition lags are typically 0.1-10 s in duration and 
decrease with increasing temperature above the autoignition temperature. 

We saw in Section 9.6b that the highest attainable temperature in a combustion reaction— 
the adiabatic flame temperature — depends on the fuel-to-air ratio, and we stated but did not 
prove that this upper temperature limit is a maximum when the fuel and oxygen are present in 
stoichiometric proportion. If the mixture is either rich (fuel in excess) or lean (0 2 in excess), 
the adiabatic flame temperature decreases. 

There exist two values of the mole percent of fuel in a fuel-air mixture-— the lower or 
lean flammability limit and the upper or rich flammability limit — that define a range within 
which self-sustaining combustion can occur. A fuel-air mixture whose composition falls out- 
side these limits is incapable of igniting or exploding, even if exposed to a spark or flame. 
The composition range between the two flammability limits is called the explosive range of the 
mixture. 

For example, the stoichiometric percentage of methane in a methane-air mixture is 9.5 
mole%. (Prove it.) Experimentally, it is found that the lower flammability limit of CH4-air 
mixtures at 1 atm is approximately 5% CH 4 and the upper flammability limit is approximately 
15% CH 4 . Thus, a CH 4 -air mixture containing between 5% CH 4 and 15% CH 4 must be con- 
sidered a fire or explosion hazard, while a mixture containing 3% CH 4 may be considered safe, 
and a mixture containing 18% CH 4 may also be considered safe as long as it is not brought into 
contact with additional oxygen. 

Flammability limits of a number of hydrocarbon-air mixtures are listed in tables on 
pp. 26-53 and 26-54 of Perry's Chemical Engineers' Handbook (see footnote 1). The given 
values apply to an initial temperature of roughly 25°C and a pressure of 1 atm. 

EXAMPLE 9.6-3 Ignition Temperature and Flammability Limits 

i 

Propane gas and air are to be mixed and fed to a combustion reactor. The combustion is to be 
initiated with a gas torch. Determine the minimum and maximum percentages of propane in the 
feed to the reactor and the minimum required temperature of the torch flame. 




Ignition lag 
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SOLUTION From Table 26-10 of Perry's Chemical Engineer's Handbook (see footnote 1), 

Minimum mole% C 3 H 8 for combustion = 2.1% 

Maximum mole% C 3 H 8 for combustion = 9.5% 

The torch flame temperature must be at least as high as the autoignition temperature of a propane- 
air mixture, which from Table 26-10 is |450°Cl . 



If a liquid (or a volatile solid) is exposed to air, the vapor given off could form a combustible 
mixture with the air adjacent to it, and a spark or match lit in the vicinity of the liquid could 
cause the mixture to ignite or explode. The flash point of a liquid is the temperature at which 
the liquid gives off enough vapor to form an ignitable mixture with the air above the liquid 
surface. The flash point of gasoline, for example, is roughly -42°C. and that of ethanol is 13*C 
so that these liquids constitute fire hazards at room temperature, while the flash points of fuel 
oils vary from 38°C to 55°C, making the hazards associated with these materials considerably 
less. 

L Briefly define the following terms: (a) ignition, (b) autoignition temperature, (c) ignition 

lag, (d) fiammability limits of a fuel-air mixture, and (e) flash point of a liquid. 
2. The fiammability limits of methane-air mixtures are 5% CH 4 and 15% CH. at I arm. and 
the autoignition temperature is 540°C. 

(a) What would happen if a spark were struck in a methane-air mixture containing 10% 
CH 4 ? What about a mixture containing 20% CH 4 ? 

(b) If a methane-air mixture containing 20% CH 4 were heated to 700°C. would the com- 
bustion reaction take place? What would happen if the heat source were turned off? 

(c) Pure methane is clearly not within the explosive range of methane-air mmures. vet if 
pure methane is blown out of a cylinder into a room and a match is lit nearbv. a name 
is observed that persists after the match is withdrawn. How is this possible? 

9,6d Flames and Detonations 

Suppose a combustible gas-air mixture is contained in an open-ended tube, and a match or an- 
other ignition source is applied to one end of the tube. The gas mixture at this end is heaied and 
eventually ignites. The intense heat generated by the combustion reaction raises the chemical 
species formed during the reaction to high energy states. When these species return to lower 
energy states, some of the energy they lose is given off in the form of light. The result is a visible 
flame accompanying the combustion. 

Initially the flame is located at the end of the tube that was ignited. However. :he heat of 
combustion quickly raises the adjacent unburned gas to its ignition point, causing the flame to 
"travel" toward the other end of the tube. At some point, the tube appears as follows. 

End originally ignited 

Combustion products, high T 

Reaction zone — flame 
Ignition zone— flame front 

Unburned fuel and air, low r 



The flame front moves in the direction of the unburned gases at a velocitv called the flame 
velocity, which typically has a value of 0.3 to 1 m/s. The exact value of the flame velocity de- 
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pends on a number of things, including the type of fuel, fuel-to-air ratio, initial temperature 
and pressure of the unburned gases, and the geometry of the combustion chamber. 

Suppose now that instead of being stationary in the tube, the combustion mixture is fed 
continuously into the bottom (as in a Bunsen burner), and the top is ignited. If the velocity with 
which the gases leave the tube equals the velocity with which the flame would travel down in a 
stationary gas. a stationary flame is achieved at the top. The wall of the tube lowers the flame 
velocity, so that the flame burns at the end but does not penetrate into the tube. 




Flame 



If the gas flow rate is increased, the flame size and rate of heat generation both increase, 
since a larger quantity of gas is being burned. However, once the flow rate reaches a critical 
value, the flame can no longer travel back as fast as the combustion region is transported away 
from the burner. The gases in the combustion region become increasingly diluted with air, until 
the region finally falls outside the fiammabiiity limits and the fire is literally blown out. 

On the other hand, if the gas flow rate to the burner tube is decreased, the gas velocity 
in the tube may become lower than the flame propagation velocity in the tube. The result is 
flashback — the flame travels back through the tube toward the fuel source. Flashback is ex- 
tremely dangerous, and any flow system involving combustible gases must be designed to guar- 
antee that the flow rate stays above the flame propagation velocity. 

When combustion of a well-mixed fuel-air mixture occurs, the fuel rapidly reacts with 
oxygen to form a number of unstable intermediate species (such as oxygen and hydrogen atoms, 
and OH and H?0 radicals), which then proceed through a complicated chain mechanism to 
form C0 2 and H 2 0. Some of these species undergo transitions that cause them to emit radiation 
whose wavelength falls within the blue region of the visible spectrum. The result is that the 
flame appears blue. 

On the other hand, when the fuel and air are not well mixed (such as when a pure hydrocar- 
bon gas is burned as it emerges from a stack and mixes with atmospheric air), the combustion 
proceeds relatively slowly, and some of the hydrocarbon fuel decomposes to form elementary 
carbon and hydrogen before oxidation takes place. The heat of reaction is sufficient to raise 
the temperature to a point where the carbon particles glow incandescently. A yellow flame is 
the result. 

Finally, suppose ignition of a gas takes place in a confined or partially confined space. The 
large temperature rise in the combustion region causes a rapid buildup of pressure in this re- 
gion. If the combustion is fast enough and the heat of reaction is high enough, a detonation may 
result, wherein a sharply defined high-pressure front, or shock wave, travels through the gas at 
a velocity well in excess of the flame propagation velocity in the gas. The shock wave rapidly 
compresses and ignites the gas as it passes through, giving the appearance of an instantaneous 
combustion. 
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Even after the combustion reaction that gave rise to the detonation has consumed ail the 
available fuel, the shock wave can persist for large distances, carrying with it considerable en- 
ergy. The energy of even a small shock wave is sufficient to vibrate the eardrums of anyone 
near the site of the detonation, producing the bang that always accompanies an explosion. The 
energy of a large shock wave may be sufficient to demolish a city. 



TEST 

YOURSELF 
(Answers, p. 661) 



You are the guest lecturer at a junior high school science fair. The following questions are put 
to you. How would you answer them in terms an intelligent 14-year-old might understand? 

1. What is a flame? 

2. What is a yellow flame? A blue flame? 

3. What is detonation? What is the loud noise you hear when something explodes? What is 
it that knocks buildings over when dynamite is set off? How does a gun work? 

4. (This one is from one of the science teachers who thought they should have asked him 
to give the lecture.) You say that hydrogen and oxygen react explosively to form water. 
Why is it that I can mix hydrogen and oxygen in a flask and nothing will happen? (Hint: 
Reread the beginning of Section 9.6c.) 



9.7 SUMMARY 

Large internal energy and enthalpy changes are often associated with chemical reactions, lead- 
ing to substantial heat transfer (heating or cooling) requirements for chemical reactors. This 
chapter outlines methods of calculating AH for open reactive systems and AU and AH for closed 
systems. Once the appropriate quantity has been determined, it may be substituted into the en- 
ergy balance to determine the required heat transfer. 

• The heat of reaction (or enthalpy of reaction), AH r (T, P), is the enthalpy change when stoi- 
chiometric quantities of reactants at temperature T and pressure P are consumed completely 
to form products at the same temperature and pressure. The standard heat of reaction, AH°, 
is the heat of reaction at a specified reference temperature and pressure, in this text 25°C and 
1 atm. At low to moderate pressures, the heat of reaction is nearly independent of P. 

For example, the standard heat of reaction for the complete combustion of methane is 

CH 4 (g) + 2 0 2 (g) — CO : (g) + 2 H 2 0(1) : A# r ° = -890.3 kJ/mol 

which signifies that if 1 g-mole of gaseous methane and 2 g-moles of gaseous oxygen at 25°C 
and 1 atm react completely to form 1 g-mole of gaseous carbon dioxide and 2 g-moles of 
liquid water and the products are brought back to 25°C and 1 atm, the net enthalpy change 
would be AH = -890.3 kj. If the energy balance reduces to Q = AH, 890.3 kJ of heat would 
have to be transferred away from the reactor to keep the products at 25°C. 

• If AH r (T, P) < 0. the reaction is exothermic at 7" and P: less energy is required to break the 
bonds holding the reactant molecules together than is released when the product bonds form, 
resulting in a net release of energy as the reaction proceeds. This energy may be transferred 
from the reactor as heat or it may serve to raise the temperature of the reaction mixture. 

• Similarly, if AH r (T, P) > 0, the reaction is endothermic: more energy is required to break 
the reactant bonds than is released when the product bonds form, leading to a net absorption 
of energy as the reaction proceeds. Unless this energy is supplied to the reactor as heat, the 
mixture temperature decreases. 

• Provided that gaseous reactants and products behave ideally and the specific volumes of 
liquid and solid reactants and products are negligible compared with the specific volumes 
of the gases, the internal energy of reaction may be calculated from Equation 9.1-5. (This 
quantity is required for energy balances on constant-volume batch reactors.) 

• According to Hess's law, if a stoichiometric equation for a reaction can be obtained as a 
linear combination of the equations for other reactions (i.e., by adding and subtracting those 
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equations), the heat of the first reaction can be calculated as the same linear combination of 
the heats of the other reactions. 

• The standard heat of formation of a species, AH°, is the heat of the reaction in which one mole 
of the species is formed from its constituent elemental species in their naturally occurring 
states at 25°C and 1 atm. Standard heats of formation of many species are listed in Table B.l. 

• A consequence of Hess's law is that the standard heat of any reaction may be calculated as 

AH? = X *i A#fi 

where v t is the stoichiometric coefficient of reactant or product species i (positive for prod- 
ucts, negative for reactants), and AH° is the standard heat of formation of that species. 

• The standard heat of combustion of a species, AH° , is the heat of the reaction in which 
one mole of the species undergoes complete combustion to form products in specified states. 
Standard heats of combustion of many species are listed in Table B. 1 , with the presumed com- 
bustion products being C0 2 , H 2 0(1), S0 2 for species containing sulfur, and N 2 for species 
containing nitrogen. A consequence of Hess's law is that the standard heat of any reaction 
involving only oxygen and combustible species may be calculated as 

As before, Vj is the stoichiometric coefficient of species 

• When performing energy balances on a reactive chemical process, two procedures may be 
followed in the calculation of AH (or AH or AU) that differ in the choice of reference states 
for enthalpy or internal energy calculations. In the heat of reaction method, the references 
are the reactant and product species at 25°C and 1 atm in the phases (solid, liquid, or gas) for 
which the heat of reaction is known. In the heat of formation method, the references are the 
elemental species that constitute the reactant and product species [e.g., C(s), 0 2 (g), H 2 (g), 
etc.] at 25°C and 1 atm. In both methods, reference states for nonreactive species may be 
chosen for convenience, as was done for the nonreactive processes of Chapters 7 and 8. 

• The heat of reaction method may be slightly easier when only one reaction occurs and the 
heat of reaction is known. When this method is used, the specific enthalpy of each species in 
every feed or product stream is calculated by choosing a process path from the reference state 
to the process state, calculating AH for each heating and cooling step and each phase change 
in the path, and summing the enthalpies for the steps. When specific enthalpies have been 
calculated for all species in all of their inlet and outlet states, AH for a continuous process is 
calculated as 

AH = i AH° + ^ - X hifii 

out in 

In this equation, £ is the extent of reaction (determined from Equation 9.1-3); h { and H t are 
respectively the molar flow rate and specific enthalpy of a process species in an inlet or outlet 
stream; and the summations are taken over all species in all of their inlet and outlet states. 
Once calculated, AH is substituted in the open-system energy balance, which is solved for Q 
or whichever other variable is unknown. 10 

• The heat of formation method is generally easier when there are multiple reactions. When 
this method is used, the specific enthalpy of a species in a feed or product stream is calculated 
by choosing a process path from the reference state (the elements at 25°C) to the process 
state, beginning with the formation of the species from the elements (AH = AH°); evaluating 
AH for each subsequent heating and cooling step and each phase change in the path; and 
summing the enthalpies for the steps (including the formation step). When specific enthalpies 
have been calculated for all species in all of their inlet and outlet states, AH is calculated for 



10 If the system in question is a closed system at constant pressure, the dots over variables would be deleted in 
the above formulas, and if the system is a closed system at constant volume, U would replace H. 
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an open system as 

out in 

As before, the summations are taken over all species in all of their inlet and outlet states. 
Once calculated, AH is substituted in the open-system energy balance, which is solved for Q 
or whichever other variable is unknown (see footnote 10). 

• Sometimes the feed conditions and heat input to a reactor are specified (as in an adiabatic 
reactor) and the outlet temperature, T out , is to be determined. The procedure is to derive 
expressions for the specific enthalpies of the reactor outlet species in terms of r out ; substitute 
these expressions into the summation X ou t "i^i m the expression for AH; substitute in turn 
for AH(T oM ) in the energy balance, and solve the resulting equation for T om . 

• The standard heat of formation of a liquid solution is the sum of the standard heat of forma- 
tion of the solute and the standard heat of solution calculated using the methods of Section 
8.5. The standard heat of a reaction involving solutions may be determined as the weighted 
sum of the heats of formation of the reactants and products (including the solutions), with 
the weighting factors being the stoichiometric coefficients (positive for products, negative for 
reactants). An energy balance for a reactor in which solutions react or form may be written 
by taking the feed and product solutions at 25°C and 1 atm as references and using the heat 
of reaction method. 

• Combustion is a rapid high-temperature reaction between a fuel and oxygen. The higher 
heating value of a fuel is the negative of the standard heat of combustion of the fuel(-A//°) 
with H20(l) as a combustion product, and the lower heating value is the negative of the 
standard heat of combustion based on H 2 0(v) as a product. The relationship between the 
two heating values is given by Equation 9.6-1. 

• The adiabatic flame temperature of a fuel is the temperature that would be attained if the 
fuel were burned in an adiabatic combustion chamber and all of the energy released went 
into raising the temperature of the reaction products (as opposed to being absorbed by or 
transferred through the reactor wall). 

• When the temperature of a combustible mixture exceeds a certain value, after a short time 
lag the rate of the reaction and the reaction temperature increase extremely rapidly. This 
phenomenon is called ignition, and the time interval after 7"i gn ; t j on is reached and before the 
temperature increases sharply is the ignition lag. The lowest temperature at which ignition 
may occur for a fuel is the autoignition temperature of the fuel. 




• If the mole percentage of a fuel in a fuel-air mixture falls below a certain value (the lower 
flammability limit) or above another value (the upper flammability limit), the mixture will 
not ignite or explode, even if exposed to a flame or spark. The composition range between 



Tutorial #6 the flammability limits is called the explosive range of the mixture. 

Questions with 

Immediate Feedback -*Note: This would be a good time to work through Interactive Tutorial #6. 

PROBLEMS 9.1. The standard heat of the reaction 

4 NH 3 (g) + 5 0 2 (g) — 4 NO(g) + 6 H 2 0(g) 

is 

AH° = -904.7 kJ/mol 

(a) Briefly explain what that means. Your explanation may take the form "When (specify 

quantities of reactant species and their physical states) react to form (quantities of prod- 
uct species and their physical state), the change in enthalpy is " 

(b) Is the reaction exothermic or endothermic at 25°C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 
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(c) What is AH° for 



2 NH 3 (g) + \ Q 2 — 2 NO(g) + 3 H 2 0(g) 



(d) What is AH° for 



NO(g) + § H 2 0(g) — NH 3 (g) + 5 O 




(e) Estimate the enthalpy change associated with the consumption of 340 g NH 3 /s if the reactants 
and products are all at 25°C. (See Example 9.1-1.) What have you assumed about the reactor 
pressure? (You don't have to assume that it equals 1 aim.) 

(f) The values of AH° given in this problem apply to water vapor at 25°C and 1 atm, and yet the 
normal boiling point of water is 100°C. Can water exist as a vapor at 25°C and a total pressure 
of 1 atm? Explain your answer. 

The standard heat of reaction for the combustion of liquid n-nonane to form C0 2 and liquid water 
at 25°C and 1 atm is AH° = -6124 kJ/mol. 

'student ( a ) Briefly explain what that means. Your explanation may take the form "When (specify 

Workbook quantities of reactant species and their physical states) react to form (quantities of prod- 
uct species and their physical state), the change in enthalpy is " 

(b) Is the reaction exothermic or endothermic at 25°C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(c) If 25.0 mol/s of liquid nonane is consumed and the reactants and products are all at 25°C, estimate 
the required rate of heat input or output (state which) in kilowatts, assuming that Q = AH for 
the process. What have you also assumed about the reactor pressure in your calculation? (You 
don't have to assume that it equals 1 atm.) 

(d) The standard heat of combustion of n-nonane vapor is AH° = -6171 kJ/mol. What is the phys- 
ical significance of the 47 kJ/mol difference between this heat of combustion and the one given 
previously? 

(e) The value of AH° given in part (d) applies to n-nonane vapor at 25°C and 1 atm, and yet the 
normal boiling point of n-nonane is 150.6°C. Can n-nonane exist as a vapor at 25°C and a total 
pressure of 1 atm? Explain your answer. 

9.3. The standard heat of the combustion reaction of liquid n-hexane to form C0 2 (g) and H 2 0(1), with 
all reactants and products at 77°F and 1 atm, is AH° = -1.791 X 10 6 Btu/lb-mole. The heat of va- 
porization of hexane at 77T is 13,550 Btu/lb-mole and that of water is 18,934 Btu/lb-mole. 

(a) Is the reaction exothermic or endothermic at 77°F? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(b) Use the given data to calculate AH° (Btu/lb-mole) for the combustion of n-hexane vapor to form 
C0 2 (g)and H 2 0(g). 

(c) If Q = AH, at what rate in Btu/s is heat absorbed or released (state which) if 120 lb m /s of 0 2 is 
consumed in the combustion of hexane vapor, water vapor is the product, and the reactants and 
products are all at 77°F? 

9.4. The standard heat of the reaction 

CaC 2 (s) + 5 H 2 0(1) — * CaO(s) + 2 C0 2 (g) + 5 H 2 (g) 
is AH° = +69.36 kJ/mol. 

(a) Is the reaction exothermic or endothermic at 25°C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(b) Calculate AU° for this reaction. (See Example 9.1-2.) Briefly explain the physical significance 
of your calculated value. 

(c) Suppose you charge 150.0 g of CaC 2 and liquid water into a rigid container at 25°C, heat the 
container until the calcium carbide reacts completely, and cool the products back down to 
25°C, condensing essentially all the unconsumed water. Write and simplify the energy balance 
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equation for this closed constant-volume system and use it to determine the net amount of heat 
(kJ) that must be transferred to or from the reactor (state which). 

9.5. Use Hess's law to calculate the standard heat of the water-gas shift reaction 

CO(g) + H 2 0(v) — C0 2 (g) + H 2 (g) 
from each of the two sets of data given here. 

(a) CO(g) + H 2 0(1) — * C0 2 (g) + H 2 (g): AH° = +1226 Btu/lb-mole 
H 2 0(1) — -> H 2 0(v): AH V = +18,935 Btu/lb-mole 

(b) CO(g) + \ 0 2 (g) — C0 2 (g): AH° = -121,740 Btu/lb-mole 
H 2 (g) + | 0 2 (g) — H 2 0(v): AH° = -104,040 Btu/lb-mole 

9.6. Formaldehyde may be produced in the reaction between methanol and oxygen: 

2 CH 3 OH(l) + 0 2 (g) — 2 HCHO(g) + 2 H 2 0(1): AH° = -326.2 kJ/mol 
The standard heat of combustion of hydrogen is 

H 2 (g) + i 02(g) — * H 2 0(1): AH° = -285.8 kJ/mol 

(a) Use these heats of reaction and Hess's law to determine the standard heat of the direct decom- 
position of methanol to form formaldehyde: 

CH 3 OH(l) — - HCHO(g) + H 2 (g) 

(b) Explain why you would probably use the method of part (a) to determine the heat of the 
methanol decomposition reaction experimentally rather than carrying out the decomposition 
reaction and measuring AH° directly. 

9.7. Use tabulated heats of formation (Table B.l) to determine the standard heats of the following re- 
actions in kJ/mol, letting the stoichiometric coefficient of the first reactant in each reaction equal 
one. 

(a) Nitrogen + oxygen react to form nitric oxide (NO). 

(b) Gaseous /i-pentane + oxygen react to form carbon monoxide + liquid water. 

(c) Liquid /i-hexane + oxygen react to form carbon dioxide + water vapor. After doing the calcu- 
lation, write the stoichiometric equations for the formation of the reactant and product species, 
then use Hess's law to derive the formula you used to calculate AH°. 

(d) Liquid sodium sulfate + carbon monoxide react to form liquid sodium sulfide + carbon dioxide. 
(Note that Table B.l only lists the heats of formation of the solid sodium salts. To estimate the 
required heat of reaction, you will also need to use tabulated heats of fusion.) 

9.8. Trichloroethylene, a widely used degreasing solvent for machine parts, is produced in a two-step 
reaction sequence. Ethylene is first chlorinated to yield tetrachloroethane, which is dehydrochlori- 
nated to form trichloroethylene. 

C 2 H 4 (g) + 2 Cl 2 (g) — C 2 H 2 C1 4 (1) + H 2 (g) : AH° = -385.76 kJ/mol 
C2H2CI4O) — C 2 HC1 3 (I) + HCl(g) 

The standard heat of formation of liquid trichloroethylene is -276.2 kJ/mol. 

(a) Use the given data and tabulated standard heats of formation of ethylene and hydrogen chloride 
to calculate the standard heat of formation of tetrachloroethane and the standard heat of the 
second reaction. 

(b) Use Hess's law to calculate the standard heat of the reaction 

C 2 H 4 (g) + 2 Cl 2 (g) -* C2HCI3O) + H 2 (g) + HCl(g) 

(c) If 300 mol/h of C 2 HC1 3 (1) is produced in the reaction of part (b) and the reactants and products 
are all at 25°C and 1 atm, how much heat is evolved or absorbed in the process? (Assume Q = 
AH.) 

9.9. The standard heat of combustion of gaseous acetylene is listed in Table B.l as - 1299.6 kJ/mol. 

(a) In your own words, briefly explain what that means. (Your explanation should mention the ref- 
erence states used to define the tabulated heats of combustion.) 

(b) Use tabulated heats of formation to verify the given value of AH°. 
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(c) Calculate the standard heat of the acetylene hydrogenation reaction 

C 2 H 2 (g) + 2H 2 (g) — QH 6 (g) 

using (i) tabulated heats of formation and (ii) tabulated heats of combustion (Equation 9.4-1). 

(d) Write the stoichiometric equations for the combustion reactions of acetylene, hydrogen, and 
ethane, and use Hess's law to derive the formula you used in part (c-ii). 

9.10. The standard heat of combustion (AH°) of liquid 2,3,3-trimethylpentane [C g H lg ] is reported in a 
table of physical properties to be -4850 kJ/mol. A footnote indicates that the reference temperature 
for the reported value is 25°C and the presumed combustion products are C0 2 (g) and H 2 0(g). 

(a) In your own words, briefly explain what all that means. 

(b) There is some question about the accuracy of the reported value, and you have been asked to 
determine the heat of combustion experimentally. You bum 2.010 grams of the hydrocarbon 
with pure oxygen in a constant-volume calorimeter and find that the net heat released when the 
reactants and products [C0 2 (g) and H 2 0(g)] are all at 25°C is sufficient to raise the temperature 
of 1.00 kg of liquid water by 21.34°C. Write an energy balance to show that the heat released in 
the calorimeter equals /iCgH^ A#° , and calculate AU° (kJ/mol). Then calculate A#°.(See Exam- 
ple 9.1-2.) By what percentage of the measured value does the tabulated value differ from the 
measured one? 

(c) Use the result of part (b) to estimate A//° for 2,3,3-trimethylpentane. Why would the heat of 
formation of 2,3,3-trimethylpentane probably be determined this way rather than directly from 
the formation reaction? 

9.11. n-Butane is converted to isobutane in a continuous isomerization reactor that operates isothermally 
at 149°C. The feed to the reactor contains 93 mole% «-butane, 5% isobutane, and 2% HC1 at 149°C, 
and a 40% conversion of n-butane is achieved. 

(a) Taking a basis of 1 mol of feed gas, calculate the moles of each component of the feed and 
product mixtures and the extent of reaction, £(mol). 

(b) Calculate the standard heat of the isomerization reaction (kJ/mol). Then, taking the feed and 
product species at 25°C as references, prepare an inlet-outlet enthalpy table and calculate and 
fill in the component amounts (mol) and specific enthalpies (kJ/mol). (See Example 9.5-1.) 

(c) Calculate the required rate of heat transfer (kJ) to or from the reactor (state which it is). Then 
determine the required heat transfer rate (kW) for a reactor feed of 325 mol/h. 

(d) Use your calculated results to determine the heat of the isomerization reaction at 149°C, 
A# r (149°C)(kJ/mol). 

9.12. In the production of many microelectronic devices, continuous chemical vapor deposition (CVD) 
processes are used to deposit thin and exceptionally uniform silicon dioxide films on silicon wafers. 
One CVD process involves the reaction between silane and oxygen at a very low pressure. 

SiH4(g) + 0 2 (g) — Si0 2 (s) + 2 H 2 (g) 

The feed gas, which contains oxygen and silane in a ratio 8.00 mol 0 2 /mol SiH 4 , enters the reactor 
at 298 K and 3.00 torr absolute. The reaction products emerge at 1375 K and 3.00 torr absolute. 
Essentially all of the silane in the feed is consumed. 

(a) Taking a basis of 1 m 3 of feed gas, calculate the moles of each component of the feed and product 
mixtures and the extent of reaction, £ (mol). 

(b) Calculate the standard heat of the silane oxidation reaction (kJ/mol). Then, taking the feed and 
product species at 298 K (25°C) as references, prepare an inlet-outlet enthalpy table and cal- 
culate and fill in the component amounts (mol) and specific enthalpies (kJ/mol). (See Example 
9.5-1.) 

Data 



(A// f °)siH 4( g) = -61.9kJ/mol, (AH f °)sio 2 (s) = -851 kJ/mol 

(C p )siH 4 ( g )[kJ/(mol-K)] = 0.01118 + 12.2 X 10- 5 r - 5.548 X KT 8 r 2 + 6.84 X 10' 12 r 3 
(C p )sio 2 (s)[kJ/(mol-K)] = 0.04548 + 3.646 X 10~ 5 T - 1.009 X 10 3 /r 2 

The temperatures in the formulas for C p are in kelvin. 
(c) Calculate the heat (kJ) that must be transferred to or from the reactor (state which it is). Then 
determine the required heat transfer rate (kW) required for a reactor feed of 27.5 m 3 /h. 
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9.13. The production of most of the steel manufactured in the United States begins with the reduction of 
hematite ore (mostly ferric oxide) with coke (carbon) in a blast furnace to obtain pig iron. The basic 
reaction is 

Fe 2 0 3 (s) + 3 C(s) — * 2 Fe(s) + 3 CO(g) : A// r (77°F) = 2.111 X 10 5 Btu/lb-mole 

Suppose that stoichiometric amounts of ferric oxide and carbon are fed at 77°F, the reaction is 
complete, the iron emerges as a liquid at 2800°F, and CO emerges at 570°F. Perform the following 
calculations for a basis of 1 ton of iron produced. 

(a) Draw and label a flowchart and perform all the material balance calculations needed to deter- 
mine the amounts (lb-mole) of each feed and product stream component. 

(b) Taking the reactant and product species in their normal states at 77°F as references, prepare an 
inlet-outlet enthalpy table and calculate and fill in all unknown component specific enthalpies 
(Btu/lb-mole). Use the following physical property data for iron: 

Fe(s): C p [Btu/(lb-mole-°F)] = 5.90 + 1.50 x 10~ 3 7/(°F) 

T m = 2794°F, A# m (7/ m ) = 6496 Btu/lb-mole 
Fe(l) : C p [Btu/(lb-mole-°F)] = 8.15 

(c) Estimate the furnace heat requirement (Btu/ton Fe produced). 

(d) List the assumptions that make the value calculated in part (b) only an approximate estimate 
of the furnace heat requirement. (One of the assumptions has something to do with the reactor 
pressure.) 

9.14. Normal heptane is dehydrocyclicized to toluene and hydrogen in a continuous vapor-phase reaction: 

CyHig * C6H5CH3 + 4 H2 

Pure heptane at 400°C is fed to the reactor. The reactor operates isothermally at 400°C and the 
reaction goes to completion. Data: The average heat capacity of n-heptane beween 25°C and 400°C 
is 0.2427 kJ/(mol • °C). 

(a) Taking a basis of 1 mol of heptane fed, draw and label a flowchart. 

(b) Taking elemental species [C(s), H2(g)] at 25°C as references, prepare and fill in an inlet-outlet 
enthalpy table. (See Example 9.5-2.) 

(c) Calculate the required heat transfer to or from the reactor (state which it is) in kJ. 

(d) What is the heat of the heptane dehydrocyclization reaction (A# r ) at 400°C and 1 atm? 

9.15. The thermal decomposition of dimethyl ether 

(CH 3 ) 2 0(g) — CH 4 (g) + H 2 (g) + CO(g) 

is to be carried out in an isothermal 2.00-liter laboratory reactor at 600°C. The reactor is charged 
with pure dimethyl ether at a pressure of 350 torr. After about two hours, the reactor pressure is 
875 torr. 

(a) Has the reaction proceeded to completion at the end of the two-hour period? If not, what per- 
centage of the dimethyl ether has decomposed? 

(b) Taking elemental species [C(s), H 2 (g), 0 2 (g)] at 25°C as references, prepare and fill in an inlet- 
outlet enthalpy table. (See Example 9.5-2.) Use tabulated data for methane, hydrogen, and car- 
bon monoxide, and the following data for dimethyl ether: 

Atf° = -180.16 kJ/mol 

C p [J/(mol-K)] = 26.86 + 0.16597 - 4.179 X 10- 5 7/ 2 (T in kelvin) 

(c) Calculate A// r (600°C) and Atf r (600°C) for the dimethyl ether decomposition reaction. 

(d) How much heat (kJ) was transferred to or from the reactor (state which it is) during the two- 
hour period of the reaction? 

Sulfur dioxide is oxidized to sulfur trioxide in a small pilot-plant reactor. S0 2 and 100% excess air 
are fed to the reactor at 450°C. The reaction proceeds to a 65% S0 2 conversion, and the products 
emerge from the reactor at 550°C. The production rate of SO3 is 1.00 X 10 2 kg/min. The reactor is 
surrounded by a water jacket into which water at 25°C is fed. 

(a) Calculate the feed rates (standard cubic meters per second) of the S0 2 and air feed streams and 
the extent of reaction, £(kmol/s). 




Student 
Workbook 



9.16. 



480 Chapter 9 Balances on Reactive Processes 



(b) Calculate the standard heat of the SO2 oxidation reaction, A#°(kJ/mol). Then, taking molecular 
species at 25°C as references, prepare and fill in an inlet-outlet enthalpy table and write an 
energy balance to calculate the heat (kW) that must be transferred from the reactor to the 
cooling water. 

(c) Calculate the minimum flow rate of the cooling water if its temperature rise is to be kept below 
15°C. 

(d) Briefly state what would have been different in your calculations and results if you had taken 
elemental species as references in part (b). 

9.17. Carbon monoxide at 25°C and steam at 150°C are fed to a continuous water-gas shift reactor. The 
product gas, which contains 40.0 mole% H 2 , 40.0% C0 2 , and the balance H 2 0(v), emerges at 500°C 
at a rate of 2.50 SCMH (standard cubic meters per hour) and goes to a condenser. The gas and liquid 
streams leaving the condenser are in equilibrium at 15°C and 1 atm. The liquid may be taken to be 
pure water (no dissolved gases). 

(a) Calculate the percent excess steam fed to the reactor and the rate of condensation of the water 
(kg/h). 

(b) Calculate the rate (kW) at which heat must be transferred from the condenser. 

(c) Taking atomic species at 25°C as references, prepare and fill in an inlet-outlet enthalpy table 
and calculate the required rate of heat transfer (kW) to or from the reactor. 

(d) It has been suggested that the carbon monoxide feed stream could pass through a heat exchanger 
prior to entering the reactor and the reactor product gas could pass through the same heat 
exchanger before entering the condenser. Sketch and label a flowchart of the heat exchanger 
and state economic benefits that might result from its use. (Hint: Heating and cooling operations 
are both expensive.) 

*9.18. Metallic iron is produced in the reaction between ferrous oxide and carbon monoxide: 
FeO(s) + CO(g) — Fe(s) + C0 2 (g), &H° = -16.480 kJ/mol 
The flowchart shown below depicts this process for a basis of 1 mol FeO fed at 298 K. 

QU) 



1 mol FeO(s) _ 


REACTOR 




298 K 1 

n 0 [mol C0(g)] 


njtmol FeO(s)] 
n 2 [mol C0(g)] 


T 0 (K) 



n 3 [mol Fe(s)] 
n 4 [mol C0 2 (g)] 
7XK) 

(a) We wish to explore the effects of the variables no (the molar feed ratio of CO to FeO), T 0 (the 
feed temperature of the carbon monoxide), X (the fractional conversion of FeO), and T (the 
product temperature) on Q (the heat duty on the reactor). Without doing any calculations, sketch 
the shapes of the curves you would expect to obtain for the following piots: 

(i) Let n 0 = 1 mol CO fed/mol FeO fed, T 0 = 400 K, and X = 1. Vary T from 298 K to 
1000 K, calculate Q for each T, and plot Q versus T. 

(ii) Let n 0 = 1 mol CO fed/mol FeO fed, T = 700 K, and X = 1. Vary T 0 from 298 K to 
1000 K, calculate Q for each T 0 , and plot Q versus T 0 . 

(iii) Let n 0 = 1 mol CO fed/mol FeO fed, T 0 = 400 K, and T = 500 K. Vary X from 0 to 1, 
calculate Q for each X, and plot Q versus X. 

(iv) Let X = 0.5, T 0 = 400 K, and T = 400 K. Vary n 0 from 0.5 to 2 mol CO fed/mol FeO 
fed, calculate Q for each n 0 , and plot Q versus n 0 . 



♦Computer problem. 
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(b) Following is an inlet-outlet enthalpy table for the process: 



References: FeO(s), CO(g), Fe(s), C0 2 (g) at 25°C 



Substance 


"in 

(mol) 


(kJ/mol) 


"out 

(mol) 


Horn 

(kJ/mol) 


FeO 


1.00 


0 


"l 


Hi 


CO 


n 0 


Ho 


«2 


H 2 


Fe 






"3 


Hi 


co 2 






«4 


i 



Write an expression for the heat duty on the reactor, £(kJ), in terms of the ns and HS m the 
table, the standard heat of the given reaction, and the extent of reaction, f Then derive expres- 
sions for the quantities n 2 , n 3 , and n 4 in terms of the variables n 0 and X. Finally, derive 
expressions for H 0 as a function of T 0 and for tfj, tf 2 , H 3 , and ft, as functions of T. In the latter 
derivations, use the following formulas for C„[kJ/(mol-K)] in terms of T(K) adapted from Table 
2-194 of Perry's Chemical Engineers' Handbook (see footnote 1): 



FeO(s): 


C p = 0.05280 + 6.243 X 10- 6 r - 


3.188 X 10^ T~ z 


Fe(s): 


C„ = 0.01728 + 2.67 X 10" 5 T 




CO(g): 


C p = 0.02761 + 5.02 X 10~ 6 T 




C0 2 (g): 


C p = 0.04326 + 1.146 X 10~ 5 r - 


8.180 X l&T' 2 


(c) Calculate the heat duty, g(kJ), for n 0 = 2.0 mol CO, T 0 = 


350 K, T = 550 K. 



mol FeO reacted/mol FeO fed. 
(d) Prepare a spreadsheet that has the following format (a partial solution is given for o: 
process variables): 



Ferroi 


is oxi< 


ie reduction problem 


i 








1 ■ 
















i 










FeO 


+ C< 


D — 


Fe + C02 


DHr- 


-16.480 


kJ/mol 






























nO 


TO 


X 


T 


Xi 


nl 


n2 


n3 


n4 


HO 


HI 


H2 


H3 H4 Q 


(mol) 


(K) 




(K) 


(mol) 


(mol) 


(mol) 


(mol) 


(mol) 


(kJ/mol) 


(kJ/mol) 


(kJ/mol) 


(kJ/mol) ikJmol) (kJ' 


2 


350 


0.7 


550 


0.7 


0.3 


1.3 


0.7 


0.7 


1.520 


13.482 




ll.Scv 





























where DHr ( = AH°) denotes the standard heat of the FeO reduction reaction and Xi i f ) is ±e 

extent of reaction. Use the spreadsheet to generate the four plots described in pan u >- If ±e 

shapes of the plots do not match your predictions, explain why. 
9.19. Ethyl alcohol (ethanol) can be produced by the fermentation of sugars derived from arains and other 
agricultural products. Some countries without large petroleum and natural sas reserves— such as 
Brazil— have found it profitable to convert a portion of their abundant grains to ethanol for blencma 
with gasoline as an octane enhancer or for use as a feedstock in the synthesis of other chemicais- 

In one such process, a portion of the starch in corn is converted to ethanol in rwo consecu- 
tive reactions. In a saccharification reaction, starch decomposes in the presence of certain enzyses 
(biological catalysts) to form an aqueous mash containing maltose (C 12 H„0„. a susar) and several 
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other decomposition products. The mash is cooled and combined with additional water and a yeast 
culture in a batch fermentation tank (fermentor). In the fermentation reaction (actually a complex 
series of reactions), the yeast culture grows and in the process converts maltose to ethanol and car- 
bon dioxide: 



The fermentor is a 550,000 gallon tank filled to 90% of its capacity with a suspension of mash and 
yeast in water. The mass of the yeast is negligible compared to the total mass of the tank contents. 
Thermal energy is released by the exothermic conversion of maltose to ethanol. In an adiabatic 
operating stage, the temperature of the tank contents increases from an initial value of 85°F to 95°F, 
and in a second stage the temperature is kept at 95°F by a reactor cooling system. The final reaction 
mixture contains carbon dioxide dissolved in a slurry containing 7.1 wt% ethanol, 6.9 wt% soluble 
and suspended solids, and the balance water. The mixture is pumped to a flash evaporator in which 
C0 2 is vaporized, and the ethanol product is then separated from the remaining mixture components 
in a series of distillation and stripping operations. 



• One bushel (56 lb m ) of corn yields 25 gallons of mash fed to the fermentor, which in turn yields 
2.6 gallons of ethanol. Roughly 101 bushels of corn is harvested from an acre of land. 

• A batch fermentation cycle (charging the fermentation tank, running the reaction, discharging 
the tank, and preparing the tank to receive the next load) takes eight hours. The process operates 
24 hours per day, 330 days per year. 

• The specific gravity of the fermentation reaction mixture is approximately constant at 1.05. The 
average heat capacity of the mixture is 0.95 Btu/(lb m -°F). 

• The standard heat of combustion of maltose to form C0 2 (g) and H 2 0(1) is A/?° = -5649.1 
kJ/mol. 

(a) Calculate (i) the quantity of ethanol (lb m ) produced per batch, (ii) the quantity of water (gal) 
that must be added to the mash and yeast in the fermentation tank, and (iii) the acres of land 
that must be harvested per year to keep the process running. 

(b) Calculate the standard heat of the maltose conversion reaction, A//°(Btu/lb-mole). 

(c) Estimate the total amount of heat (Btu) that must be transferred from the fermentor during the 
reaction period. Take only the maltose conversion into account in this calculation (i.e., neglect 
the yeast growth reaction and any other reactions that may occur in the fermentor), assume that 
the heat of reaction is independent of temperature in the range from 77°F ( = 25°C) to 95°F, and 
neglect the heat of solution of carbon dioxide in water. 

(d) Although Brazil and Venezuela are neighboring countries, producing ethanol from grain for use 
as a fuel is an important process in Brazil and an almost nonexistent one in Venezuela. What 
difference between the two countries probably accounts for this observation? 

9.20. Ammonia is oxidized with air to form nitric oxide in the first step of the production of nitric acid. 
Two principal reactions occur: 



Q2H22O11 + H 2 0 — 4 C2H5OH + 4 C0 2 



Data 



4 NH 3 + 5 0 2 — * 4 NO + 6 H 2 0 
2 NH 3 + § 0 2 — N 2 + 3 H 2 0 



A flowchart of the reactor follows. 



100 mol NH 3 (g)/min 



25°C, 8 bar 



REACTOR 



Product gas: 700°C, 8 bar 



90 mol NO/min 
150 mol H 2 0(v)/min 



900 mol air/min 



716 mol N 2 /min 
69 mol 0 2 /min 



0.21 0 2 
0.79 N 2 
150°C, 8 bar 



Q(kJ/min) 
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(a) Taking elemental species [N 2 (g), H 2 (g), 0 2 (g)] at 25°C as references, prepare and fill in an inlet- 
outlet enthalpy table. 

(b) Calculate the required rate of heat transfer to or from the reactor in kW. 

(c) What would have been different in your calculations and results in parts (a) and (b) if you had 
taken molecular species as references in part (a)? 

9.21. Ethanol is produced commercially by the hydration of ethylene: 

C 2 H 4 (g) + H 2 0(v) - C 2 H 5 OH(v) 

Some of the product is converted to diethyl ether in the undesired side reaction 

2 C 2 H 5 OH(v) - (C 2 H 5 ) 2 0(v) + H 2 0(v) 

The combined feed to the reactor contains 53.7 mole% C 2 H 4 , 36.7% H 2 0 and the balance nitrogen 
which enters the reactor at 310°C. The reactor operates isothermally at 310°C. An ethylene conver- 
sion of 5% is achieved, and the yield of ethanol (moles ethanol produced/mole ethylene consumed) 
is 0.900. * ' 

Data for Diethyl Ether 

A// f ° = -272.8 kJ/mol for the liquid 
A// v = 26.05 kJ/mol (assume independent of T) 
C„[kJ/(mol- 0 C)] = 0.08945 + 40.33 X 10 _5 r(°C) - 2.244 X 10 _7 T 2 

(a) Calculate the reactor heating or cooling requirement in kJ/mol feed. 

(b) Why would the reactor be designed to yield such a low conversion of ethylene? What process- 
ing step (or steps) would probably follow the reactor in a commercial implementation of this 
process? 

9.22. Benzaldehyde is produced from toluene in the catalytic reaction 

C 6 H 5 CH 3 + 0 2 — QH5CHO + H 2 0 

Dry air and toluene vapor are mixed and fed to the reactor at 350°F and 1 atm. Air is supplied in 
100% excess. Of the toluene fed to the reactor, 13% reacts to form benzaldehyde and 0.5% reacts 
with oxygen to form C0 2 and H 2 0. The product gases leave the reactor at 379°F and 1 atm. Water 
is circulated through a jacket surrounding the reactor, entering at 80°F and leaving at 105°F During 
a four-hour test period, 29.3 lb m of water is condensed from the product gases. (Total condensation 
may be assumed.) The standard heat of formation of benzaldehyde vapor is -17,200 Btu/lb-mole; 
the heat capacities of both toluene and benzaldehyde vapors are approximately 31 Btu/(lb-mole-°F); 
and that of liquid benzaldehyde is 46 Btu/(lb-mole-°F). 

(a) Calculate the volumetric flow rates (ft 3 /h) of the combined feed stream to the reactor and the 
product gas. 

(b) Calculate the required rate of heat transfer from the reactor (Btu/h) and the flow rate of the 
cooling water (gal/min). 

9.23. Lime (calcium oxide) is widely used in the production of cement, steel, medicines, insecticides, plant 
and animal food, soap, rubber, and many other familiar materials. It is usually produced by heating 
and decomposing limestone (CaC0 3 ), a cheap and abundant mineral, in a calcination process: 

CaC0 3 (s) CaO(s) + C0 2 (g) 

(a) Limestone at 25°C is fed to a continuous calcination reactor. The calcination is complete, and 
the products leave at 900°C. Taking 1 metric ton (1000 kg) of limestone as a basis and ele- 
mental species [Ca(s), C(s), 0 2 (g)] at 25°C as references for enthalpy calculations, prepare and 
fill in an inlet-outlet enthalpy table and prove that the required heat transfer to the reactor is 
2.7 X 10° kJ. 

(b) In a common variation of this process, hot combustion gases containing oxygen and carbon 
monoxide (among other components) are fed into the calcination reactor along with the lime- 
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stone. The carbon monoxide is oxidized in the reaction 

CO(g) + i 02(g) — C0 2 (g) 

Suppose 

• the combustion gas fed to a calcination reactor contains 75 mole% N2, 2.0% 0 2 , 9.0% CO, 
and 14% C0 2 ; 

• the gas enters the reactor at 900°C in a feed ratio of 20 kmol gas/kmol limestone; 

• the calcination is complete; 

• all of the oxygen in the gas feed is consumed in the CO oxidation reaction; 

• the reactor effluents are at 900°C. 

Again taking a basis of 1 metric ton of limestone calcined, prepare and fill in an inlet-outlet 
enthalpy table for this process [don't recalculate enthalpies already calculated in part (a)] and 
calculate the required heat transfer to the reactor, 
(c) You should have found that the heat that must be transferred to the reactor is significantly lower 
with the combustion gas in the feed than it is without the gas. By what percentage is the heat 
requirement reduced? Give two reasons for the reduction. 

*9.24. A pair of gas-phase reactions with the following stoichiometric equations take place in a continuous 
reactor: 

A + B — + C 
2C — * D + B 

The reactions of ethylene and water to form ethanol and of ethanol to form diethyl ether and water 
constitute such a reaction system. (See Problem 9.21.) 

(a) Suppose the reactor feed contains A, B, and inerts (I), with mole fractions x ao ,*bo, an< ^ 
Jem, respectively. Letting /a denote the fractional conversion of A (mol A consumed/mol A 
fed) and Yc the yield of C based on consumption of A (mol C generated/mol A consumed), 
prove that for a basis of 1 mol of feed, the number of moles of each species at the outlet are as 
follows: 

"A = *A0(1 ~ A) 
"D = |(*A0/a ~ " c ) 

m = xiq 

(b) Write a spreadsheet to perform material and energy balance calculations for a basis of 1.00 mol 
feed. The program should take as inputs 

(i) the standard heats of formation (kJ/mol) of A(g), B(g), C(g), and D(g); 

(ii) the coefficients (a, b, c, d) of the formulas C p = a + bT + cT 2 + dT 3 for gaseous A, B, C, 
D, and I, where C p has units of kJ/(mol-°C); 

(iii) the feed and product temperatures, 7" { (°C) and 7 P (°C); 

(i v) * ao , xbo , /a , and y c • 

It should generate an inlet-outlet enthalpy table based on elemental species at 25°C as refer- 
ences and then calculate the required heat transfer to or from the reactor, Q(kJ). The spread- 
sheet should be tested using the species and reactions of Problem 9.21 and should appear as 
shown below. (Some of the input data and calculated results are shown.) 



♦Computer problem. 
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Chapter 9— Problem 9.24 



Species 



B 



C 



D 
I 



Tf 



310 



Species 



B 



D 



Q(kJ)= 



Formula 
C2H4(v) 



DHf 



52.28 



H20(v) 



C2H50H(v) 



(C4H10)O(v) -246.8 



N2(g) 



0.04075 



0.08945 



Tp 



310 



11.47e-5 



-6.891e-8 



17.66e-12 



40.33e-5 -2.244e-7 



xAO 



xBO 



0.537 



n(in) 



H(in) 



(mol) 



(kJ/mol) 



0.367 



n(out) 



xIO 



0.096 



fA 



YC 



0.05 



0.90 



(mol) 



-1.31 



H(out) 



(kJ/mol) 



9.25. 



where DHf [ = A# f °(kJ/mol)] denotes the standard heat of formation. 

(c) Use the program to calculate Q at the reactor conditions shown in the spreadsheet, then for a 
feed temperature of 125°C and all other input parameters the same. (The enthalpy table and the 
value of O should automatically correct themselves as soon as you type in the new value of T f .) 
Print out and turn in your program output for the second feed temperature 

(d) Run the program for several different values of T p , f A , and Y c . Summarize the effects of each 
of these parameters on Q and briefly explain why your results make sense. 

A gas mixture containing 85 mole% methane and the balance oxvgen is to be charged into an evac- 
uated well-insulated 10-liter reaction vessel at 25°C and 200 kPa. An electrical coil in the reactor 
which delivers heat at a rate of 100 watts, will be turned on for 85 seconds and then turned off. 
Formaldehyde will be produced in the reaction 

CH 4 + 0 2 — HCHO + H 2 0 
The reaction products will be cooled and discharged from the reactor 

(a) Calculate the maximum pressure that the reactor is likely to have to withstand, assuming that 
there are no side reactions. If you were ordering the reactor, why would you specify an even 
greater pressure in your order? (Give several reasons.) 

(b) Why would heat be added to the feed mixture rather than running the reactor adiabatically? 

(c) Suppose the reaction is run as planned, the reaction products are analyzed chromatographically, 
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reactor, heat 
exchanger, 
distillation 
column 



9.26. 



and some CO2 is found. Where did it come from? If you had taken it into account, would your 
calculated pressure in part (a) have been larger, smaller, or can't you tell without doing the 
detailed calculations? 

Ethylene oxide is produced by the catalytic oxidation of ethylene: 

C 2 H 4 (g) + \ 02(g) — C 2 H 4 0(g) 

An undesired competing reaction is the combustion of ethylene to CO2. 

The feed to a reactor contains 2 mol C 2 H 4 /mol 0 2 . The conversion and yield in the reactor 
are respectively 25% and 0.70 mol C 2 H 4 0 produced/mol C2H4 consumed. A multiple-unit process 
separates the reactor outlet stream components: C 2 H 4 and O2 are recycled to the reactor, C 2 H 4 0 
is sold, and C0 2 and H 2 0 are discarded. The reactor inlet and outlet streams are each at 450°C, 
and the fresh feed and all species leaving the separation process are at 25°C. The combined fresh 
feed-recycle stream is preheated to 450°C. 

(a) Taking a basis of 2 mol of ethylene entering the reactor, draw and label a flowchart of the com- 
plete process (show the separation process as a single unit) and calculate the molar amounts and 
compositions of all process streams. 

(b) Calculate the heat requirement (kJ) for the entire process and that for the reactor alone. 



Data for C 2 H A 0 (g) 



-51.00 kJ/mol 

-4.69 + 0.2061T - 9.995 X 10~ 5 r 2 



A#° = 
C„[J/(moI-K)] = 
where T is in kelvin. 

(c) Calculate the flow rate (kg/h) and composition of the fresh feed and the overall and reactor heat 
requirements (kW) for a production rate of 1500 kg C 2 H 4 0/day. 

9.27. Cumene (QH5C3H7) is produced by reacting benzene with propylene [AH°(77°F) = -39,520 
Btu/lb-molej. 

Propylene 
Butane 



400°F 



REACTOR 



Procylene 
Butane 77°f \ ^ 

Benzene 77°F 




A liquid feed containing 75 mole% propylene and 25% n-butane and a second liquid stream 
containing essentially pure benzene are fed to the reactor. Fresh benzene and recycled benzene, 
both at 77°F. are mixed in a 1:3 ratio (1 mole fresh feed/3 moles recycle) and passed through a heat 
exchanger, where they are heated by the reactor effluent before being fed to the reactor. The reactor 
effluent enters the exchanger at 400°F and leaves at 200°F. The pressure in the reactor is sufficient 
to maintain the effluent stream as a liquid. 

After being cooled in the heat exchanger, the reactor effluent is fed to a distillation column (Tl). 
All of the butane and unreacted propylene are removed as overhead product from the column, and 
the cumene and unreacted benzene are removed as bottoms product and fed to a second distillation 
column (T2) where they are separated. The benzene leaving the top of the second column is the 
recycle that is mixed with the fresh benzene feed. Of the propylene fed to the process, 20% does not 
react and leaves in the overhead product from the first distillation column. The production rate of 
cumene is 1200 lb m /h. 

(a) Calculate the mass flow rates of the streams fed to the reactor, the molar flow rate and compo- 
sition of the reactor effluent, and the molar flow rate and composition of the overhead product 
from the first distillation column, Tl. 

(b) Calculate the temperature of the benzene stream fed to the reactor and the required rate of heat 
addition to or removal from the reactor. Use the following approximate heat capacities in your 
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reactor, 
settler, 
distillation 
column, heat 
exchanger 



calculations: C p [Btu/(lb m -°F)] = 0.57 for propylene, 0.55 for butane, 0.45 for benzene, and 0.40 
for cumene. 

9.28. Ethylbenzene is converted to styrene in the catalytic dehydrogenation reaction 
QH 10 (g) — QH 8 (g) + H 2 : A//°(600°C) = +124.5 kJ/mol 
A flowchart of a simplified version of the commercial process is shown here. 



EB = Ethylbenzene 
S = Styrene 



25°C 



2a 



EB 

25°C 



EB 

25°C 



® © 



560°C 



® 




25°C 



CD 



EB 

500°C 



600°C 0 
700°C 1 '<2f 



EB. S 



25°C 



H 2 0 
25°C 




Equipment 
Encyclopedia 

reactor, 
boiler 



Fresh and recycled liquid ethylbenzene combine and are heated from 25°C to 500°C @, and the 
heated ethylbenzene is mixed adiabatically with steam at 700°C (B)to produce the feed to the reactor 
at 600°C. (The steam suppresses undesired side reactions and removes carbon deposited on the 
catalyst surface.) A once-through conversion of 35% is achieved in the reactor©, and the products 
emerge at 560°C. The product stream is cooled to 25°C ©, condensing essentially all of the water, 
ethylbenzene. and styrene and allowing hydrogen to pass out as a recoverable by-product of the 
process. 

The water and hydrocarbon liquids are immiscible and are separated in a settling tank decanter 
(E) The water is vaporized and heated (£)to produce the steam that mixes with the ethylbenzene feed 
to the reactor. The hydrocarbon stream leaving the decanter is fed to a distillation tower ©(actually, 
a series of towers), which separates the mixture into essentially pure styrene and ethylbenzene, each 
at 25°C after cooling and condensation steps have been carried out. The ethylbenzene is recycled to 
the reactor preheater, and the styrene is taken off as a product. 

(a) Calculate on the basis of 100 kg/h styrene produced the required fresh ethylbenzene feed rate, 
the flow rate of recycled ethylbenzene, and the circulation rate of water, all in mol/h. (Assume 
P = 1 atm.) 

(b) Calculate the required rates of heat input or withdrawal in kJ/h for the ethylbenzene preheater 
®, steam generator (F), and reactor ©. 

(c) Suggest possible ways to improve the energy economy of this process. 

Physical Property Data 

Ethylbenzene: (C„), iquid = 182 J/(mol-°C) 

(A// v ) = 36.0 kJ/mol at 136°C 

(C p )vapor[J/(moI-°C)] = 118 + 0.30r(°C) 

Styrene: (C„)i iquid = 209 J/(mol-°C) 

(A// v ) = 37.1kJ/molat 145°C 

(C p )va P or[J/(mol-°C)] = 115 + 0.277(°C) 

9.29. Formaldehyde is produced by decomposing methanol over a silver catalyst: 

CH 3 OH — HCHO + H 2 

To provide heat for this endothermic reaction, some oxygen is included in the feed to the reactor, 
leading to the partial combustion of the hydrogen produced in the methanol decomposition. 
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9.30. 



The feed to an adiabatic formaldehyde production reactor is obtained by bubbling a stream 
of air at 1 atm through liquid methanol. The air leaves the vaporizer saturated with methanol and 
contains 42% methanol by volume. The stream then passes through a heater in which its temper- 
ature is raised to 145°C. To avoid deactivating the catalyst, the maximum temperature attained in 
the reactor must be limited to 600°C. For this purpose, saturated steam at 145°C is metered into the 
air-methanol stream, and the combined stream enters the reactor. A fractional methanol conver- 
sion of 70.0% is achieved in the reactor, and the product gas contains 5.00 mole% hydrogen. The 
product gas is cooled to 145°C in a waste heat boiler in which saturated steam at 3.1 bar is generated 
from liquid water at 30°C. Several absorption and distillation units follow the waste heat boiler, and 
formaldehyde is ultimately recovered in an aqueous solution containing 37.0 wt% HCHO. The plant 
is designed to produce 36 metric kilotons of this solution per year, operating 350 days/yr. 

(a) Draw the process flowchart and label it completely. Show the absorption/distillation train as a 
single unit with the reactor product gas and additional water entering and the formaldehyde 
solution and a gas stream containing methanol, oxygen, nitrogen, and hydrogen leaving. 

(b) Calculate the operating temperature of the methanol vaporizer. 

(c) Calculate the required feed rate of steam to the reactor (kg/h) and the molar flow rate and 
composition of the product gas. 

(d) Calculate the rate (kg/h) at which steam is generated in the waste heat boiler. 

The synthesis of ethyl chloride is accomplished by reacting ethylene with hydrogen chloride in the 
presence of an aluminum chloride catalyst: 



C 2 H 4 (g) + HCl(g)Sc 2 H 5 Cl(g): 



Atf r (0°C) = -64.5 kJ/mol 



Process data and a simplified schematic flowchart are given here. 



Product C 



REACTOR 



Feed A 
Feed B 



Coolant 




Data 

Reactor: adiabatic, outlet temperature = 50°C 

Feed A: 100% HCl(g), 0°C 

Feed B: 93 mole% C 2 H 4 , 7% C 2 H 6 , 0°C 

Product C: Consists of 1.5% of the HC1, 1.5% of the C 2 H 4 , and all of the C 2 H 6 that enter the reactor 

Product D: 1600 kg C 2 H 5 Cl(l)/h, 0°C 

Recycle to reactor: C 2 H 5 C1(1), 0°C 

C 2 H 5 C1: AH V = 24.7 kJ/mol (assume independent of T) 

(C p )c 2 H 5 ci(v)[kJ/(moi-°C)] = 0.052 + 8.7 x 10- 5 r(°C) 

The reaction is exothermic, and if the heat of reaction is not removed in some way the reactor 
temperature could increase to an undesirably high level. To avoid this occurrence, the reaction is 
carried out with the catalyst suspended in liquid ethyl chloride. As the reaction proceeds, most of 
the heat liberated goes to vaporize the liquid, making it possible to keep the reaction temperature 
at or below 50°C. 

The stream leaving the reactor contains ethyl chloride formed by reaction and that vaporized 
in the reactor. This stream passes through a heat exchanger where it is cooled to 0°C, condensing 
essentially all of the ethyl chloride and leaving only unreacted QH4, HC1, and C 2 H 6 in the gas phase. 
A portion of the liquid condensate is recycled to the reactor at a rate equal to the rate at which ethyl 
chloride is vaporized, and the rest is taken off as product. At the process conditions, heats of mixing 
and the influence of pressure on enthalpy may be neglected. 

(a) At what rates (kmol/h) do the two feed streams enter the process? 

(b) Calculate the composition (component mole fractions) and molar flow rate of product stream C. 
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(c) Write an energy balance around the reactor and use it to determine the rate at which ethyl 
chloride must be recycled. 

(d) A number of simplifying assumptions were made in the process description and the analysis of 
this process system, so the results obtained using a more realistic simulation would differ consid- 
erably from those you should have obtained in parts (a)-(c). List as many of these assumptions 
as you can think of. 

9.31. Ammonia is oxidized in a well-insulated continuous reactor: 

4 NH 3 (g) + 5 0 2 (g) — 4 NO(g) + 6 H 2 0(v) : A#° = -904.7 kJ/mol 

The feed stream enters at 200°C and the products leave at temperature r out (°C). The inlet-outlet 
enthalpy table for the reactor appears as follows: 



References: NH 3 (g), 0 2 (g), NO(g), H 2 G(v) at 25 n C. 1 atm 



Substance 


(mol/s) 


H\ n 

(kJ/mol) 


n 0M 

(mol/s) 


^out 

(kJ/mol) 


NH 3 (g) 


4.00 


Hi 






02(g) 


6.00 






H 3 


NO(g) 






«4 




H 2 0(v) 






"5 


Hi 



(a) Draw and label a process flowchart and calculate the molar amounts of the product stream com- 
ponents and the extent of reaction, £(mol/s). Fill in the values of h 3 , h 4 , and h s on the enthalpy 
table. 

(b) The energy balance for this reactor reduces to AH = 0. Summarize the assumptions that must 
be made to obtain this result. 

(c) Calculate the values of fii and H 2 and write expressions for H 3 , H 4 , and H 5 in terms of the outlet 
temperature. T oat . Then calculate 7" out from the energy balance, using either a spreadsheet or a 
programmable calculator. (See Example 9.5-3.) 

(d) A design engineer obtained a preliminary estimate of the reactor outlet temperature using only 
the first terms of the heat capacity formulas in Table B.2. [For example, (C p )nh 3 = 0.03515 
kJ/(mol-°C).] What value did she calculate? Taking the result of part (c) to be correct, de- 
termine the percentage error in T om that results from using the one-term heat capacity for- 
mulas. 

(e) The preliminary estimate of r out was mistakenly used as the basis of the design and construction 
of the reactor. Was this a dangerous error from the standpoint of reactor safety or did it in fact 
lower the hazard potential? Explain. 

9.32. Coke can be converted into CO — a fuel gas — in the reaction 

C0 2 (g) + C(s) - 2 CO(g) 

A coke that contains 84% carbon by mass and the balance noncombustible ash is fed to a reactor 
with a stoichiometric amount of C0 2 . The coke is fed at 77T\ and the C0 2 enters at 400°F. Heat is 
transferred to the reactor in the amount of 5859 Btu/lb m coke fed. The gaseous products and the 
solid reactor effluent (the ash and unburned carbon) leave the reactor at 1830°F. The heat capacity 
of the solid is 0.24 Btu/(lb m -°F). 

(a) Calculate the percentage conversion of the carbon in the coke. 

(b) The carbon monoxide produced in this manner can be used as a fuel for residential home heat- 
ing, as can the coke. Speculate on the advantages and disadvantages of using the gas. (There are 
several of each.) 

9.33. The synthesis of methanol from carbon monoxide and hydrogen is carried out in a continuous vapor- 
phase reactor at 5.00 atm absolute. The feed contains CO and H 2 in stoichiometric proportion 
and enters the reactor at 25°C and 5.00 atm at a rate of 17.1 m 3 /h. The product stream emerges 
from the reactor at 127°C. The rate of heat transfer from the reactor is 17.05 kW. Calculate the 
fractional conversion achieved and the volumetric flow rate (m 3 /h)of the product stream. (See Ex- 
ample 9.5-4.) 
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9.34. Carbon disulfide, a key component in the manufacture of rayon fibers, is produced in the reaction 
between methane and sulfur vapor over a metal oxide catalyst: 

CH 4 (g) + 4 S(v) - CS 2 (g) + 2 H 2 S(g) 

A// r (700°C) = -274 kJ/mol 

Methane and molten sulfur, each at 150°C, are fed to a heat exchanger in stoichiometric proportion. 
Heat is exchanged between the reactor feed and product streams, and the sulfur in the feed is vapor- 
ized. The gaseous methane and sulfur leave the exchanger and pass through a second preheater in 
which they are heated to 700°C, the temperature at which they enter the reactor. Heat is transferred 
from the reactor at a rate of 41.0 kJ/mol of feed. The reaction products emerge from the reactor at 
800°C, pass through the heat exchanger, and emerge at 200°C with sulfur as a liquid. Use the heat 
capacity data given below to perform the following calculations. 

Heat capacities : C p [J/(mol-°C)] ~ 29.4 for S(l), 36.4 for S(v), 71.4 for CH 4 (g), 31.8 for CS 2 , and 
44.8 for H 2 S(g). 

(a) Estimate the fractional conversion achieved in the reactor. 

(b) Estimate the quantity of heat (kJ/mol feed) that must be transferred in the second preheater to 
bring the feed up to 700°C. 

(c) Suggest a method to improve the energy economy of the process. 

*9.35. The equilibrium constant for the ethane dehydrogenation reaction, 

C 2 H 6 (g) ^ C 2 H 4 (g) + H 2 (g) 

is defined as 



Matm) 



*C;H 4 *H 2 

-*C 2 H 6 



where P(atm) is the total pressure and x, is the mole fraction of the z'th substance in an equilib- 
rium mixture. The equilibrium constant has been found experimentally to vary with temperature 
according to the formula 

K P {T) = 7.28 X 10 6 exp[-17,000/7"(K)] (1) 

The heat of reaction at 1273K is +145.6 kJ/mol, and the heat capacities of the reactive species may 
be approximated by the formulas 

(C p )c 2 h 4 = 9.419 + 0.11477/(K) 

(C P ) H , = 26.90 + 4.167 X 10~ 3 T(K)> [J/(mol-K)] 

{C p ) C2Hi = 11.35 + 0.13927(K) 

Suppose pure ethane is fed to a continuous constant-pressure adiabatic reactor at 1273 K and 
pressure P(atm), the products emerge at r f (K) and P(atm), and the residence time of the reaction 
mixture in the reactor is large enough for the outlet stream to be considered an equilibrium mixture 
of ethane, ethylene, and hydrogen. 

(a) Prove that the fractional conversion of ethane in the reactor is 



/ 



P + K ri 



1/2 



(b) Write an energy balance on the reactor, and use it to prove that 

1 



where 



/ = 



Atf r (1273 K) 



l + d>(r f ) 



m) = 



1273K 



[(C p )c 2 h 4 + (C P ) H J dT 



■ 1273K 



(2) 



(3) 



(4) 



(C p )c 2 h 6 dT 



■"Computer problem. 
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Finally, substitute for A/? r and the heat capacities in Equation 4 to derive an explicit expression 
for (WTO- ' F 

(c) We now have two expressions for the fractional conversion /: Equation 2 and Equation 3. If these 
expressions are equated, K p is replaced by the expression of Equation 1, and <£(r f ) is replaced 
by the expression derived in part (b), the result is one equation in one unknown. T f . Derive this 
equation, and transpose the right side to obtain an expression of the form 

HTf) = 0 (5) 

(d) Write a spreadsheet program to take P as input, solve Equation 5 for T s (use aoalseek), and 
determine the final fractional conversion, /. (Suggestion: Set up columns for P. T ( , f,K , </>, 
and Run the program for P(atm) = 0.01,0.05.0.10.0.50,1.0,5.0, and 10.0. Plot T t versus 
P and / versus P, using a logarithmic coordinate scale for P. 

(e) Use a symbolic mathematics program or write a program in Fortran or some other language to 
perform the calculations of part (d). 

9.36. You are checking the performance of a reactor in which acetylene is produced from methane in the 
reaction 

2 CH 4 (g) — C 2 H 2 (g) + 3 H 2 (g) 

An undesired side reaction is the decomposition of acetylene: 

C 2 H 2 (g) - 2 C(s) + H 2 (g) 

Methane is fed to the reactor at 1500°C at a rate of 10.0 mol CH 4 /s. Heat is transferred to the reactor 
at a rate of 975 kW. The product temperature is 1500°C and the fractional conversion of methane is 
0.600. A flowchart of the process and an enthalpy table are shown below. 



975 kW 



Feed at 1500°C 



10.0 mol CH 4 /s 



REACTOR 



Product at 1500°C 



Hl(mol CH 4 /s) 
/i 2 (mol C 2 H 2 /s) 
/r 3 (mol H 2 /s) 
'i 4 (mol C(s)/s) 



References: C(s), H 2 (g), at 25°C, 1 atm 



Substance 


"in 

(mol/s) 


H m 

(kJ/mol) 


"out 

(mol/s) 


H ou t 

(kJ/mol) 


CH 4 


10.0 


41.65 


«i 


H x 


C 2 H 2 






« 2 


Hi 


H 2 






"3 


Hi 


C 






«4 


H, 



(a) Using the heat capacities given below for enthalpy calculations, write and solve material bal- 
ances and an energy balance to determine the product component flow rates and the vield of 
acetylene (mol C 2 H 2 produced/mol CH 4 consumed). 



CH,(g): 


c P 


= 0.079 kJ/(mol-°C) 


QH 2 (g): 


c p 


== 0.052 kJ/(mol-°C) 


H 2 (g): 


c P 


= 0.031 kJ/(moI-°C) 


C(s): 


c P 


= 0.022 kJ/(mol-°C) 



For example, the specific enthalpy of methane at 1500°C relative to methane at 2*>°C is [0.079 
kJ/(mol-°C)](1500°C -25°C) = 116.5 kJ/mol. 
(b) The reactor efficiency may be defined as the ratio (actual acetylene yield/acetylene yield with 
no side reaction). What is the reactor efficiency for this process? 
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9.37. Hydrogen is produced in the steam reforming of propane: 

C 3 H 8 (g) + 3 H 2 0(v) -* 3 CO(g) + 7 H 2 (g) 

The water-gas shift reaction also takes place in the reactor, leading to the formation of additional 
hydrogen: 

CO(g) + H 2 0(v) - C0 2 (g) + H 2 (g) 

The reaction is carried out over a nickel catalyst in the tubes of a shell-and-tube reactor. The feed 
to the reactor contains steam and propane in a 6:1 molar ratio at 125°C, and the products emerge at 
800°C. The excess steam in the feed assures essentially complete consumption of the propane. Heat 
is added to the reaction mixture by passing a hot gas over the outside of the tubes that contain the 
catalyst. The gas is fed at 4.94 m 3 /mol C3H 8 , entering the unit at 1400°C and 1 atm and leaving at 
900°C. The unit may be considered adiabatic. 



Heating gas 
1400°C, 1 atm 



C 3 H a (g) 

H 2 0(v) 

125°C 



EE 



zr 



Spent heating gas 
900°C 



C 3 H s (g) 

H 2 0(v) 

CO(g) 

H 2 (g) 

C0 2 (g) 

800°C 



Calculate the molar composition of the product gas, assuming that the heat capacity of the heating 
gas is 0.040 kJ/(mol-°C). 

9.38. In a coal gasification process, carbon (the primary constituent of coal) reacts with steam to produce 
carbon monoxide and hydrogen (synthesis gas). The gas may either be burned or subjected to further 
processing to produce any of a variety of chemicals. 

A coal contains 10.5 wt% moisture (water) and 22.6 wt% noncombustible ash. The remaining 
fraction of the coal contains 81.2 wt% C, 13.4% O, and 5.4% H. A coal slurry containing 2.00 kg 
coal/kg water is fed at 25°C to an adiabatic gasification reactor along with a stream of pure oxygen 
at the same temperature. The following reactions take place in the reactor: 

C(s) + H 2 0(v) — ► CO(g) + H 2 (g): A//° = +131.3 kJ/mol (1) 
C(s) + 02(g) — C0 2 (g): AH° = -393.5 kJ/mol (2) 
2H(in coal) + \ 0 2 (g) — * H 2 0(v): Atf° - -242 kJ/mol (3) 

Gas and slag (molten ash) leave the reactor at 2500°C. The gas contains CO, H 2 , C0 2 , and H 2 0. u 

(a) Feeding oxygen to the reactor lowers the yield of synthesis gas, but no gasifier ever operates 
without supplementary oxygen. Why does the oxygen lower the yield? Why it is nevertheless 
always supplied. (Hint: All the necessary information is contained in the first two stoichiometric 
equations and associated heats of reaction shown above.) 

(b) Suppose the oxygen gas fed to the reactor and the oxygen in the coal combine with all the 
hydrogen in the coal (Reaction 3) and with some of the carbon (Reaction 2), and the remainder 
of the carbon is consumed in Reaction 1. Taking a basis of 1.00 kg coal fed to the reactor and 
letting n 0 equal the moles of 0 2 fed, draw and label a flowchart. Then derive expressions for the 
molar flow rates of the four outlet gas species in terms of n 0 . (Partial solution: nn 2 = 51.5 - «o-) 



"In a real coal gasification reactor, sulfur in the coal would form hydrogen sulfide in the product gas. nitrogen 
in the coal would form N 2 , some of the carbon monoxide formed in the first reaction would react with steam to 
form carbon dioxide and more hydrogen, and some of the carbon in the coal would react with hydrogen to form 
methane. For simplicity, we are ignoring these reactions. 
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(c) The standard heat of combustion of the coal has been determined to be -21,400 kJ/kg, taking 
C0 2 (g) and H 2 0(1) to be the combustion products. Use this value and the given elemental com- 
position of the coal to prove that the standard heat of formation of the coal is -1510 kJ/kg. Then 
use an energy balance to calculate n 0 , using the following approximate heat capacities in vour 
calculation: 



Species 


0 2 CO H : C0 2 H 2 0(v) 


Slag(l) 


C p [kJ/(mol- c C)] 


0.0336 0.0332 0.0300 0.0508 0.0395 




C p [kJ/(kg-°C)] 




1.4 



Take the heat of fusion of ash (the heat required to convert ash to slag) to be 710 kJ/kg. 

9.39. Three cubic meters of a 1.00-molar aqueous sulfuric acid solution (SG = 1.064) is stored at 25=C. 
Use data in Tables B.l and B.ll to calculate the standard heat of formation of the solution in kJ/mol 
H 2 S0 4 relative to the solute elements and water, and the total enthalpy of the solution relative to 
the same reference conditions. 

9.40. Calculate the standard heat (kJ/mol) of the neutralization reaction between dilute hydrochloric acid 
and dilute sodium hydroxide solutions, taking the heat of solution of NaCl to be +4.87 kJ/mol. 
Then calculate the standard heat of the reaction between hydrogen chloride gas and solid sodium 
hydroxide to form solid sodium chloride and liquid water. What is the physical significance of the 
difference between the two calculated values? 

9.41. A 10.0 mole% aqueous sulfuric acid solution (SG = 1.27) is to be titrated to neutrality at 25°C with 
a 3.00-molar caustic soda (sodium hydroxide) solution (SG = 1.13): 

H 2 S0 4 (aq) + 2 NaOH(aq) — Na 2 S0 4 (aq) + 2 H 2 0(1) 

(a) Calculate the required volume ratio (cm 3 caustic solution/cm 3 acid solution). 

(b) Calculate the standard heats of formation (kJ/mol solute) of each of the three solutions involved 
in this process, and the heat released (kJ/cm 3 acid solution neutralized) if the reactants and 
products are all at 25°C. The heat of solution of sodium sulfate is -1.17 kJ/mol. Assume that 
Q = AH for the process. (See Example 9.5-5.) 

9.42. Most of the world's chlorine and sodium hydroxide are obtained through the electrolysis of brine: 

NaCl(aq) + H 2 0(1) - I H 2 (g) + \ Cl 2 (g) + NaOH(aq) 

(a) Determine the standard heats of formation of NaCl(aq) and NaOH(aq) and then the standard 
heat of the brine electrolysis reaction. The standard heat of solution of NaCl is AHJr = oc) = 
+4.87 kJ/mol NaCl. 

(b) Several years ago. the annual production of chlorine in the United States was roughly 8500 
metric kilotons. Calculate the energy requirement in MW-h/yr corresponding to this production 
rate, assuming that all of the chlorine is produced by electrolysis at 25°C and The required enersv 
input equals AH for the process. 

9.43. You have been given the task of determining the standard heat of the reaction in which calcium 
chloride hexahydrate is formed from anhydrous calcium chloride: 

CaCl 2 (s) + 6 H 2 0(1) — CaCl 2 • 6H 2 0(s) : AH° (kJ/mol) = ? 

By definition, the desired quantity is the heat of hydration of calcium chloride hexahydrate. You can- 
not carry out the hydration reaction directly, so you resort to an indirect method. You first dissolve 
1.00 mol of anhydrous CaCl 2 in 10.0 mol of water in a calorimeter and determine that 64.85 kJ of 
heat must be transferred away from the calorimeter to keep the solution temperature at 25°C. You 
next dissolve 1.00 mol of the hexahydrate salt in 4.00 mol of water and find that 32.1 kJ of heat must 
be transferred to the calorimeter to keep the temperature at 25°C. 

(a) Use these results to calculate the desired heat of hydration. (Suggestion: Begin by writing out 
the stoichiometric equations for the two dissolution processes.) 

(b) Calculate the standard heat of formation of CaCl 2 (aq,/- = 10) in kJ/mol CaCl? relative to Ca(s). 
Cl 2 (g),andH 2 0(l)at25°C. 
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9.44. A dilute aqueous solution of sulfuric acid at 25°C is used to absorb ammonia in a continuous reactor, 
thereby producing ammonium sulfate, a fertilizer: 

2 NH 3 (g) + H 2 S0 4 (aq) - (NH 4 ) 2 S0 4 (aq) 

(a) If the ammonia enters the absorber at 75°C, the sulfuric acid enters at 25°C, and the product 
solution emerges at 25°C, how much heat must be withdrawn from the unit per mol of (NH4) S 0 4 
produced? (All needed physical property data may be found in Appendix B.) 

(b) Estimate the final temperature if the reactor of part (a) is adiabatic and the product of the 
solution contains 1.00 mole % ammonium sulfate. Take the heat capacity of the solution to be 
that of pure liquid water [4.184 kJ/(kg-°C)]. 

(c) In a real (imperfectly insulated) reactor, would the final solution temperature be less than, equal 
to, or greater than the value calculated in part (b), or is there no way to tell without more infor- 
mation? Briefly explain your answer. 

9.45. A 2.00 mole% sulfuric acid solution is neutralized with a 5.00 mole% sodium hydroxide solution in 
a continuous reactor. All reactants enter at 25°C. The standard heat of solution of sodium sulfate is 
-1.17 kJ/mol Na2S0 4 , and the heat capacities of all solutions may be taken to be that of pure liquid 
water [4.184 kJ/(kg-°C)]. 

(a) How much heat (kJ/kg acid solution fed) must be transferred to or from the reactor contents 
(state which it is) if the product solution emerges at 40°C? 

(b) Estimate the product solution temperature if the reactor is adiabatic, neglecting heat transferred 
between the reactor contents and the reactor wall. 

9.46. A 12.0-molar solution of sodium hydroxide (SG = 1.37) is neutralized with 75.0 mL of a 4.0 molar 
solution of sulfuric acid (SG = 1.23) in a well-insulated container. 

(a) Estimate the volume of the sodium hydroxide solution and the final solution temperature if both 
feed solutions are at 25°C. The heat capacity of the product solution may be taken to be that of 
pure liquid water, the standard heat of solution of sodium sulfate is -1.17 kJ/mol, and the energy 
balance reduces to Q = AH for this constant-pressure batch process. 

(b) List several additional assumptions you made to arrive at your estimated volume and tempera- 
ture. 

9.47. Ammonia scrubbing is one of many processes for removing sulfur dioxide from flue gases. The gases 
are bubbled through an aqueous solution of ammonium sulfite, and the SO2 reacts to form ammo- 
nium bisulfite: 



(NH 4 ) 2 S0 3 (aq) + SO,(g) + H 2 0(1) -» 2NH 4 HS0 3 (aq) 

Subsequent process steps yield concentrated S0 2 and regenerate ammonium sulfite, which is recy- 
cled to the scrubber. The sulfur dioxide is either oxidized and absorbed in water to form sulfuric acid 
or reduced to elemental sulfur. 

Flue gas from a power plant boiler containing 0.30% S0 2 by volume enters a scrubber at a rate 
of 50,000 mol/h at 50°C. The gas is bubbled through an aqueous solution containing 10.0 mole% 
ammonium sulfite that enters the scrubber at 25°C The gas and liquid effluents from the scrubber 
both emerge at 35°C. The scrubber removes 90% of the S0 2 entering with the flue gas. The effluent 
liquid is analyzed and is found to contain 1.5 moles (NH 4 ) 2 S03 per mole of NH 4 HS0 3 . The heat of 
formation of (NH 4 ) 2 S0 3 (aq) at 25°C is -890.0 kJ/mol, and that of NH 4 HS0 3 (aq) is -760 kJ/mol. 
The heat capacities of all liquid solutions may be taken to be 4.0 J/(g-°C) and that of the flue gas may 
be taken to be that of nitrogen. Evaporation of water may be neglected. Calculate the required rate 
of heat transfer to or from the scrubber (kW). 

9.48. A natural gas is analyzed and found to consist of 87.5% v/v (volume percent) methane, 7.0% ethane, 
2.0% propane, and 3.5% N 2 (noncombustible). 

(a) Calculate the higher heating value and the lower heating value of this fuel in kJ/mol, using the 
heats of combustion in Table B.l. 

(b) Calculate the lower heating value of the fuel in kJ/kg. 

(c) State in your own words the meaning of the quantity calculated in part (b). 

9.49. An ultimate analysis of a coal is a series of operations that yields the percentages by mass of carbon, 
hydrogen, nitrogen, oxygen, and sulfur in the coal. The heating value of a coal is best determined 
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in a calorimeter, but it may be estimated with reasonable accuracy from the ultimate analysis using 
the Dulong formula: 

HHVQcJ/kg) = 33.801(C) + 144,158[(H) - 0.125(0)] + 9413(S) 

where (C), (H), (O), and (S) are the mass fractions of the corresponding elements. The 0.125(0) 
term accounts for the hydrogen bound in the water contained in the coal. 

(a) Derive an expression for the higher heating value (HHV) of a coal in terms of C, H, O, and S. 
and compare your result with the Dulong formula. Suggest a reason for the difference. 

(b) A coal with an ultimate analysis of 75.8 wt% C, 5.1% H, 8.2% 0, 1.5% N, 1.6% S, and 7.8% ash 
(noncombustible) is burned in a power plant boiler furnace. All of the sulfur in the coal forms 
S0 2 . The gas leaving the furnace is fed through a tall stack and discharged to the atmosphere. 
The ratio <£(kg S0 2 in the stack gas/kJ heating value of the fuel) must be below a specified value 
for the power plant to be in compliance with Environmental Protection Agency regulations 
regarding sulfur emissions. Estimate <f>, using the Dulong formula for the heating value of the 
coal. 

(c) An earlier version of the EPA regulation specified that the mole fraction of S0 2 in the stack 
gas must be less than a specified amount to avoid a costly fine and the required installation of 
an expensive stack gas scrubbing unit. When this regulation was in force, a few unethical plant 
operators blew clear air into the base of the stack while the furnace was operating. Briefly explain 
why they did so and why they stopped this practice when the new regulation was introduced. 

9.50. A fuel gas is known to contain methane, ethane, and carbon monoxide. A sample of the gas is charged 
into an initially evacuated 2.000-liter vessel at 25°C and 2323 mm Hg absolute. The vessel is weighed 
before and after being charged, and the mass difference is found to be 4.929 g. Next, the higher 
heating value of the gas is determined in a calorimeter to be 841.9 kJ/mol. Calculate the molar 
composition of the gas. 

9.51. A fuel gas containing 85.0 mole% methane and the balance ethane is burned completely with pure 
oxygen at 25°C, and the products are brought back down to 25°C. 

(a) Suppose the reactor is continuous. Take a basis of calculation of 1 mol/s of the fuel gas, assume 
some value for the percent excess oxygen fed to the reactor (the value you choose will not affect 
the results), and calculate -Q(kW), the rate at which heat must be transferred from the reactor. 

(b) Now suppose the combustion takes place in a constant-volume batch reactor. Take a basis of 
calculation of 1 mol of the fuel gas charged into the reactor, assume any percent excess oxygen, 
and calculate -Q(kJ). (Hint: Recall Equation 9.1-5.) 

(c) Briefly explain why the results in parts (a) and (b) do not depend on the percent excess 0 2 and 
why they would not change if air rather than pure oxygen were fed to the reactor. 

9.52. A mixture of air and a fine spray of gasoline at ambient (outside air) temperature is fed to a set 
of piston-fitted cylinders in an automobile engine. Sparks ignite the combustible mixtures in one 
cylinder after another, and the consequent rapid increase in temperature in the cylinders causes the 
combustion products to expand and drive the pistons. The back-and-forth motion of the pistons is 
converted to rotary motion of a crank shaft, motion that in turn is transmitted through a system of 
shafts and gears to propel the car. 

Consider a car driving on a day when the ambient temperature is 298 K and suppose that the 
rate of heat loss from the engine to the outside air is given by the formula 




kJ\ 15 X 1Q 6 
hj r a (K) 



where T 3 is the ambient temperature. 

(a) Take gasoline to be a liquid with a specific gravity of 0.70 and a higher heating value of 49.0 
kJ/g, assume complete combustion and that the combustion products leaving the engine are at 
298 K, and calculate the minimum feed rate of gasoline (gal/h) required to produce 100 hp of 
shaft work. 

(b) If the exhaust gases are well above 298 K (which they are), is the work delivered by the pistons 
more or less than the value determined in part (a)? Explain. 

(c) If the ambient temperature is much lower than 298 K, the work delivered by the pistons would 
decrease. Give two reasons. 
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9.53. The heating value of a fuel oil is to be measured in a constant-volume bomb calorimeter. The bomb 
is charged with oxygen and 0.00215 lb m of the fuel and is then sealed and immersed in an insulated 
container of water. The initial temperature of the system is 77.00°F. The fuel-oxygen mixture is 
ignited, and the fuel is completely consumed. The combustion products are C0 2 (g) and H 2 0(v). 
The final calorimeter temperature is 87.06°F. The mass of the calorimeter, including the bomb and 
its contents, is 4.62 lb m , and the average heat capacity of the system (C„) is 0.900 Btu/(lb m °F). 

(a) Calculate AU° (Btu/lb m oil) for the combustion of the fuel oil at 77°F. Briefly explain your cal- 
culation. 

(b) What more would you need to know to determine the higher heating value of the oil? 

9.54. Methanol vapor is burned with excess air in a catalytic combustion chamber. Liquid methanol ini- 
tially at 25°C is vaporized at 1.1 atm and heated to 100°C; the vapor is mixed with air that has been 
preheated to 100°C, and the combined stream is fed to the reactor at 100°C and 1 atm. The reactor 
effluent emerges at 300°C and 1 atm. Analysis of the product gas yields a dry-basis composition of 
4.8% C0 2 , 14.3% 0 2 , and 80.9% N 2 . 

(a) Calculate the percentage excess air supplied and the dew point of the product gas. 

(b) Taking a basis of 1 g-mole of methanol burned, calculate the heat (kJ) needed to vaporize and 
heat the methanol feed, and the heat (kJ) that must be transferred from the reactor. 

Methane at 25°C is burned in a boiler furnace with 10.0% excess air preheated to 100°C. Ninety 
percent of the methane fed is consumed, the product gas contains 10.0 mol C0 2 /mol CO, and the 
combustion products leave the furnace at 400°C. 

(a) Calculate the heat transferred from the furnace, -Q(kW), for a basis of 1000 mol CH 4 fed/s. 
(The greater the value of -Q, the more steam is produced in the boiler.) 

(b) Would the following changes increase or decrease the rate of steam production? (Assume the 
fuel feed rate and fractional conversion of methane remain constant.) Briefly explain your an- 
swers, (i) Increasing the temperature of the inlet air; (ii) increasing the percent excess air for 
a given stack gas temperature; (iii) increasing the selectivity of C0 2 to CO formation in the 
furnace; and (iv) increasing the stack gas temperature. 

A gaseous fuel containing methane and ethane is burned with excess air. The fuel enters the furnace 
at 25°C and 1 atm, and the air enters at 200°C and 1 atm. The stack gas leaves the furnace at 800°C 
and 1 atm and contains 5.32 mole% C0 2 , 1.60% CO, 7.32% 0 2 , 12.24% H 2 0, and the balance N 2 . 

(a) Calculate the molar percentages of methane and ethane in the fuel gas and the percentage excess 
air fed to the reactor. 

(b) Calculate the heat (kJ) transferred from the reactor per cubic meter of fuel gas fed. 

A coal contains 73.0 wt% C, 4.7% H (not including the hydrogen in the coal moisture), 3.7% S, 
6.8% H 2 0, and 11.8% ash. The coal is burned at a rate of 50,000 lb m /h in a power plant boiler with 
air 50% in excess of that needed to oxidize all the carbon in the coal to C0 2 . The air and coal are 
both fed at 77°F and 1 atm. The solid residue from the furnace is analyzed and is found to contain 
28.7 wt% C, 1.6% S, and the balance ash. The coal sulfur oxidized in the furnace is converted to 
S0 2 (g). Of the ash in the coal, 30% emerges in the solid residue and the balance is emitted with the 
stack gases as fly ash. The stack gas and solid residue emerge from the furnace at 600°F. The higher 
heating value of the coal is 18,000 Btu/lb m . 

(a) Calculate the mass flow rates of all components in the stack gas and the volumetric flow rate 
of this gas. (Ignore the contribution of the fly ash in the latter calculation, and assume that the 
stack gas contains a negligible amount of CO.) 

(b) Assume that the heat capacity of the solid furnace residue is 0.22 Btu/(lb m -°F), that of the stack 
gas is the heat capacity per unit mass of nitrogen, and 35% of the heat generated in the furnace 
is used to produce electricity. At what rate in MW is electricity produced? 

(c) Calculate the ratio (heat transferred from the furnace )/(heating value of the fuel). Why is this 
ratio less than one? 

(d) Suppose the air fed to the furnace were preheated rather than being fed at ambient tempera- 
ture, but that everything else (feed rates, outlet temperatures, and fractional coal conversion) 
were the same. What effect would this change have on the ratio calculated in part (c)? Explain. 
Suggest an economical way in which this preheating might be accomplished. 

A mixture of methane, ethane, and argon at 25°C is burned with excess air in a power plant boiler. 
The hydrocarbons in the fuel are completely consumed. The following variable definitions will be 
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used throughout this problem: 

x m = mole fraction of methane in the fuel 
x a = mole fraction of argon in the fuel 
Pa(%) = percent excess air fed to the furnace 
7"a( 0 C) = temperature of the entering air 
7 5 (°C) = stack gas temperature 

r = ratio of C0 2 to CO in the stack gas (mol C0 2 /mol CO) 
2(kW) = rate of heat transfer from the furnace to the boiler tubes 

(a) Without doing any calculations, sketch the shapes of the plots you would expect to obtain for 
plots of Q versus (i) x m , (ii) x 3 , (iii) P xs , (iv) T a , (v) T„ and (vi) r, assuming in each case that the 
other variables are held constant. Briefly state your reasoning for each plot. 

(b) Take a basis of 1.00 mol/s of fuel gas. draw and label a flowchart, and derive expressions for 
the molar flow rates of the stack gas components in terms of x m , x a , P xs , and r. Then take as 
references the elements at 25°C, prepare and fill in an inlet-outlet enthalpy table for the furnace, 
and derive expressions for the specific molar enthalpies of the feed and stack gas components 
in terms of 7 a and T s . 

(c) Calculate Q(kW) for x m = 0.85 mol CH 4 /mol, x 3 = 0.05 mol Ar/mol, P xs = 5%, r = 10.0 mol 
C0 2 /mol CO, T a = 150°C, and 7 S = 700°C. (Solution: Q = -655 kW.) 

*(d) Prepare a spreadsheet that has columns for x m , x a , P«, T a , r, T s , and Q, plus columns for any 
other variables you might need for the calculation of Q from given values of the preceding six 
variables (e.g., component molar flow rates and specific enthalpies). Use the spreadsheet to 
generate plots of Q versus each of the following variables over the specified ranges: 

x m = 0.00-0.85 mol CH 4 /mol 
x 3 = 0.01-0.05 mol Ar/mol 
P KS = 0%-100% 
r a = 25°C-250°C 
r = 1-100 mol C0 2 /mol CO (make the r axis logarithmic) 
T s = 500°C-1000°C 

When generating each plot, use the variable values given in part (c) as base values. (For example, 
generate a plot of Q versus jc m for x a = 0.05, P xs = 5%. and so on, with x m varying from 0.00 to 
0.85 on the horizontal axis.) If possible, include the plots on the same spreadsheet as the data. 

59. A gas stream consisting of rc-hexane in methane is fed to a condenser at 60°C and 1.2 atm. The dew 
point of the gas (considering hexane as the only condensable component) is 55°C. The gas is cooled 
to 5°C in the condenser, recovering pure hexane as a liquid. The effluent gas leaves the condenser 
saturated with hexane at 5°C and 1.1 atm and is fed to a boiler furnace at a rate of 207.4 L/s, where 
it is burned with 100% excess air that enters the furnace at 200°C. The stack gas emerges at 400°C 
and 1 atm and contains no carbon monoxide or unburned hydrocarbons. The heat transferred from 
the furnace is used to generate saturated steam at 10 bar from liquid water at 25°C. 

(a) Calculate the mole fractions of hexane in the condenser feed and product gas streams and the 
rate of hexane condensation (liters condensate/s). 

(b) Calculate the rate at which heat must be transferred from the condenser (kW) and the rate of 
generation of steam in the boiler (kg/s). 

60. In the preliminary design of a furnace for industrial boiler, methane at 25°C is burned completely 
with 20% excess air, also at 25°C. The feed rate of methane is 450 kmol/h. The hot combustion gases 
leave the furnace at 300°C and are discharged to the atmosphere. The heat transferred from the 
furnace (0 is used to convert boiler feedwater at 25°C into superheated steam at 17 bar and 250°C. 

Use the following approximate heat capacities (kJ/(mol-°C)] in your solution of this problem: 
CH4(g) = 0.0431, C0 2 (g) = 0.0423, H 2 0(g) = 0.0343, 0 2 (g) = 0.0312, N 2 (g) = 0.0297. 
(a) Draw and label a flowchart of this process [the chart should look like the one shown in part 

(b) without the preheater] and calculate the composition of the gas leaving the furnace. Then, 

using the given constant heat capacities, calculate the average molar heat capacity of the gas. 

(See Equation 8.3-13.) Finally, calculate Q(kJ/h) and the rate of steam production in the boiler 

(kg/h). 



* Computer problem. 
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(b) In the actual boiler design, the air feed at 25°C and the combustion gas leaving the furnace at 
300°C pass through a heat exchanger (the air preheater). The combustion (flue) gas is cooled to 
150°C in the preheater and is then discharged to the atmosphere, and the heated air is fed to the 
furnace. 



H,0(l) 



25°C 



450 kmol CH 4 /h 



25°C 



BOILER 



H 2 0(v) 



250°C, 17 bar 



Q(kJ/h) 



FURNACE 



Flue gas PREHEATER n Flue gas 



300°C 
Preheated air 



7U°C) 




150°C 
20% Excess air 



25'C 



• 

Equipment 
Encyclopedia 

heat 
exchanger 



Calculate the temperature of the air entering the furnace (a trial-and-error solution is required) 
and the rate of steam production (kg/h). 
(c) Explain why preheating the air increases the rate of steam production. (Suggestion: Use the 
energy balance on the furnace in your explanation.) Why does it make sense economically to 
use the combustion gas as the heating medium? 

9.61. A bituminous coal is burned with air in a boiler furnace. The coal is fed at a rate of 40,000 kg/h 
and has an ultimate analysis of 76 wt% C, 5% H, 8% O, negligible amounts of N and S, and 11% 
noncombustible ash (see Problem 9.49), and a higher heating value of 25,700 kJ/kg. Air enters a 
preheater at 30°C and 1 atm with a relative humidity of 30%, exchanges heat with the hot flue gas 
leaving the furnace, and enters the furnace at temperature T a (°C). The flue gas contains 7.71 mole% 
C0 2 and 1.29 mole% CO on a dry basis, and the balance a mixture of O2, N 2 , and H 2 0. It emerges 
from the furnace at 260°C and is cooled to 150°C in the preheater. Noncombustible residue (slag) 
leaves the furnace at 450°C and has a heat capacity of 0.97 kJ/(kg-°C). 



Steam H 2 0(l) 



40,000 kg coal/h 



25°C 







Flue gas 


Flue gas 








260°C 


p, PREHEATER p 


150»C 




WWW 






\ — L 


Air 


FURNACE 


Air | 




30°C 




T(°C) 









Slag 

450°C 



Equipment 
Encyclopedia 

boiler 



(a) Prove that the air-to-fuel ratio is 16.1 standard cubic meters/kg coal and that the flue gas contains 
4.6% H 2 0 by volume. 

(b) Calculate the rate of cooling required to cool the flue gas from 260°C to 150°C and the temper- 
ature to which the air is preheated. (Note: A trial-and-error calculation is required.) 

(c) If 60% of the heat transferred from the furnace (-Q) goes into producing saturated steam at 
30 bar from liquid boiler feedwater at 50°C, at what rate (kg/h) is steam generated? 

9.62. Carbon monoxide is burned with excess air at 1 atm in an adiabatic reactor. The reactants are fed at 
25°C and the final temperature (i.e., the adiabatic flame temperature) is 1400°C. 

(a) Calculate the percentage excess air fed to the reactor. 

(b) If the percentage excess air were increased, how would the adiabatic flame temperature change 
and why would it change in this manner? 

9.63. A natural gas containing 82.0 mole% CH 4 and the balance C 2 H 6 is burned with 20% excess air in a 
boiler furnace. The fuel gas enters the furnace at 298 K, and the air is preheated to 423 K. The heat 
capacities of the stack gas components may be assumed to have the following constant values: 



C0 2 : 




= 50.0J/(mol-K) 


H 2 0(v): 


c P 


= 38.5 J/(mol-K) 


0 2 : 


Cp 


= 33.1 J/(mol-K) 


N 2 : 


Cp 


= 31.3 J/(mol-K) 
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(a) Assuming complete combustion of the fuel, calculate the adiabatic flame temperature. 

(b) How would the flame temperature change if the percent excess air were increased? How would it 
change if the percentage of methane in the fuel increased? Briefly explain both of your answers. 

9.64. In a surface coating operation, a polymer (plastic) dissolved in liquid acetone is sprayed on a solid 
surface and a stream of hot air is then blown over the surface, vaporizing the acetone and leaving a 
residual polymer film of uniform thickness. Because environmental standards do not allow discharg- 
ing acetone into the atmosphere, a proposal to incinerate the stream is to be evaluated. 

The proposed process uses two parallel columns containing beds of solid particles. The air- 
acetone stream, which contains acetone and oxygen in stoichiometric proportion, enters one of the 
beds at 1500 mm Hg absolute at a rate of 1410 standard cubic meters per minute. The particles in 
the bed have been preheated and transfer heat to the gas. The mixture ignites when its temperature 
reaches 562°C, and combustion takes place rapidly and adiabatically. The combustion products then 
pass through and heat the particles in the second bed, cooling down to 350°C in the process. Period- 
ically the flow is switched so that the heated outlet bed becomes the feed gas preheater/combustion 
reactor and vice versa. 

Use the following average values for C f ,[kJ/(mol-°C)] in solving the problems to be given: 0.126 
for CjH 6 0. 0.033 for 0 2 , 0.032 for N 2 , 0.052 for C0 2 , and 0.040 for H z O(v). 

(a) If the relative saturation of acetone in the feed stream is 12.2%, what is the stream temperature? 

(b) Determine the composition of the gas after combustion, assuming that all of the acetone is 
converted to C0 2 and H 2 0, and estimate the temperature of this stream. 

(c) Estimate the rates (kW) at which heat is transferred from the inlet bed particles to the feed 
gas prior to combustion and from the combustion gases to the outlet bed particles. Suggest an 
alternative to the two-bed feed switching arrangement that would achieve the same purpose. 

9.65. Liquid n-pentane at 25°C is burned with 30% excess oxygen (not air) fed at 75°C. The adiabatic 
flame temperature is 7" ad (°C). 

(a) Take as a basis of calculation 1.00 mol C5H 12 (1) burned and use an energy balance on the adi- 
abatic reactor to derive an equation of the form f(T ad ) = 0, where f(T ad ) is a fourth-order 
polynomial [/(7" ad ) = c 0 + ciT^ + c 2 Tl d + c^T^ + c 4 r 4 d ]. If your derivation is correct, the ratio 
c 0 / c 4 should equal -6.892 X 10 14 . Then solve the equation to determine T 3d . (This solution is 
easily obtained using the goalseek tool on a spreadsheet.) 

(b) Repeat the calculation of part (a) using successively the first two terms, the first three terms, 
and the first four terms of the fourth-order polynomial equation. If the solution of part (a) is 
taken to be exact, what percentage errors are associated with the linear (two-term), quadratic 
(three-term), and cubic (four-term) approximations? 

(c) Determine the fourth-order solution using Newton's method (Appendix A.2), taking the linear 
approximation as the first guess and stopping when |/(r ad )| < 0.01. 

(d) Why is the fourth-order solution at best an approximation and quite possibly a poor one? (Hint: 
Examine the conditions of applicability of the heat capacity formulas you looked up in Table 
B.2.) 

9.66. Methane is burned with 25% excess air in a continuous adiabatic reactor. The methane enters the 
reactor at 25°C and 1.10 atm at a rate of 5.50 L/s, and the entering air is at 150°C and 1.1 atm. 
Combustion in the reactor is complete, and the reactor effluent gas emerges at 1.05 atm. Calculate 
(a) the temperature and (b) the degrees of superheat of the reactor effluent. (Consider water to be 
the only condensable species in the effluent.) 

; 9.67. Methane and 30% excess air are to be fed to a combustion reactor. An inexperienced technician 
mistakes his instructions and charges the gases together in the required proportion into an evacu- 
ated closed tank. (The gases were supposed to be fed directly into the reactor.) The contents of the 
charged tank are at 25°C and 4.00 atm absolute. 

(a) Calculate the standard internal energy of combustion of the methane combustion reaction, 
A6/°(kJ/mol), taking C0 2 (g) and H 2 0(v) as the presumed products. Then prove that if the 
constant-pressure heat capacity of an ideal gas species is independent of temperature, the spe- 
cific internal energy of that species at temperature T(°C) relative to the same species at 25°C is 



12 Modified version of a problem in D. A. Crowl, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiomeiry, 
AIChE Center for Chemical Process Safety, New York, 1993. 
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given by the expression 

U = (C p - R g )(T - 25°C) 

where R $ is the gas constant. Use this formula in the next part of the problem. 

(b) You wish to calculate the maximum temperature, T max (°C), and corresponding pressure, 
^max(atm), that the tank would have to withstand if the mixture it contains were to be acci- 
dentally ignited. Taking molecular species at 25°C as references and treating all species as ideal 
gases, prepare an inlet-outlet internal energy table for the closed system combustion process. 
In deriving expressions for each tf, at the final reactor condition (T max , P max ), use the following 
approximate values for C p ,[kJ/(mol-°C)]: 0.033 for 0 2 , 0.032 for N 2 , 0.052 for C0 2 , and 0.040 for 
H 2 0(v). Then use an energy balance and the ideal gas equation of state to perform the required 
calculations. 

(c) Why would the actual temperature and pressure attained in a real tank be less than the values 
calculated in part (a)? (State several reasons.) 

(d) Think of ways that the tank contents might be accidentally ignited. The list should suggest why 
accepted plant safety regulations prohibit the storage of combustible vapor mixtures. 

*9.68. Natural gas that contains methane, ethane, and propane is to be burned with humid air. The adiabatic 
flame temperature is to be calculated from specified values of the following quantities: 

v ch„, v c 2 h 6 , v c 3 h 8 = mole fractions of fuel components 

T { , T a = inlet temperatures of fuel and air, °C 
^*xs = percent excess air 
vwo = mole fraction of water in the inlet air 

(a) Without doing any calculations, predict the direction of change (increase, decrease, no change) 
in the adiabatic flame temperature you would expect for an increase in (i) y C H 4 with y C3 H 8 
held constant, (ii) T u (iii) 7/ a , (iv) P xs , and (v) ywo- Briefly state your reasoning for each vari- 
iable. 

(b) For a basis of 1 g-mole of natural gas, calculate the gram-moles of each molecular species in the 
feed and product streams, assuming complete combustion and negligible CO formation. The 
answer should be expressed in terms of the variables given above. 

(c) Given here are expressions for the specific enthalpies of the feed and product components, rel- 
ative to their elements at 25°C. 





tf,(kJ/mol) = a, ■ 


f bj + c,T 2 


+ d t T 3 + e{T\ 


Tin °C 




Substance (i) 


a 


b x 10 2 


cX 10 5 


d X 10 8 


e X 10 12 


(1) CH 4 


-75.72 


3.431 


2.734 


0.122 


-2.75 


(2) C 2 H 6 


-85.95 


4.937 


6.96 


-1.939 


1.82 


(3) C 3 H 8 


-105.6 


6.803 


11.30 


-4.37 


7.928 


(4)N 2 


-0.7276 


2.900 


0.110 


0.191 


-0.7178 


(5)0 2 


-0.7311 


2.910 


0.579 


-0.2025 


0.3278 


(6) H 2 0(v) 


-242.7 


3.346 


0.344 


0.2535 


-0.8982 


(7) C0 2 


-394.4 


3.611 


2.117 


-0.9623 


1.866 



Derive the given expression for the specific enthalpy of methane from the heat capacity data in 
Table B.2. Then show that AH for the reactor is given by an expression of the form 

AH = a Q + aiT + a 2 T 2 + a 3 7/ 3 + a 4 7/ 4 



♦Computer problem. 
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where 7 is the product temperature, and 



Oil 



7 

i — 4 


3 

i = 1 


7 

^(";)outb; 

1=4 


7 

i=4 


7 

y,( n ')outC, 
i=4 


7 

a 4 = ^(«,)< 

1=4 



i = 4 



(d) Write a spreadsheet program to take as input values of y C H 4 , yc,H 8 . T { , T a , P xs , and v^o- and to 
solve the energy balance equation [A//(7) = 0] to determine the adiabatic flame temperature. 
Run the program for the following sets of input variable values: 



Variable 


Run 1 


Run 2 


Run 3 


Run 4 


Run 5 


Run 6 


ycH 4 


0.75 


0.86 


0.75 


0.75 


0.75 


0.75 


yc 3 Hs 


0.04 


0.04 


0.04 


0.04 


0.04 


0.04 


7- f (°C) 


40 


40 


150 


40 


40 


40 




150 


150 


150 


250 


150 


150 




25% 


25% 


25% 


25% 


100% 


25% 


vwo 


0.0306 


0.0306 


0.0306 


0.0306 


0.0306 


0.10 



Equipment 
Encyclopedia 

reactor, 
absorption 
column, 
stripper 



Suggestion: Near the top of the spreadsheet, enter the values of a,b.c,d, and e for each 
species. Starting several rows below the last of these entries, list in Column A labels for the 
input variables and all calculated variables (component molar flow rates, specific enthalpies. 
7^,0:0,0:1, ■ • • ,«4, A//), and enter in adjacent columns the corresponding values or formulas for 
these variables in successive runs. (Solution for Run 1: 7 ad = 1743.1°C.) 
(e) Write a computer program to carry out the above calculations using Newton's rule (Appendix 
A.2), with an initial guess of 1000°C for each run. Build in a limit on the number of iterations in 
case the program fails to converge. 

9.69. Acetylene is produced by pyrolyzing— decomposing at high temperature — natural gas (predomi- 
nantly methane): 

2 Cri,(g) — C 2 H 2 (g) + 3 H 2 

The heat required to sustain this endothermic reaction is provided by feeding oxygen to the reactor 
and burning a portion of the methane to form primarily CO and some C0 2 . 

A simplified version of the process is as follows. A stream of natural gas. which for the purposes 
of this problem may be considered pure methane, and a stream containing 96.0 mole% oxygen and 
the balance nitrogen are each preheated from 25°C to 650°C. The streams are combined and fed 
into an adiabatic converter, in which most of the methane and all of the oxygen are consumed, and 
the product gas is rapidly quenched to 38°C as soon as it emerges from the converter. The residence 
time in the converter is less than 0.01 s, low enough to prevent most but not all of the methane from 
decomposing to form hydrogen and solid carbon particles (soot). Of the carbon in the feed. 5.67% 
emerges as soot. 

The cooled effluent passes through a carbon filter in which the soot is removed. The clean gas 
is then compressed and fed to an absorption column, where it is contacted with a recycled liquid 
solvent, dimethylformamide, or DMF (MW = 73.09). The off-gas leaving the absorber contains 
all of the hydrogen and nitrogen, 98.8% of the CO, and 95% of the methane in the gas fed to the 
column. The "lean" solvent fed to the absorber is essentially pure DMF; the "rich" solvent leaving 
the column contains all of the water and C0 2 and 99.4% of the acetylene in the gas feed. This solvent 
is analyzed and found to contain 1.55 mole% C 2 H 2 , 0.68% OX 0.055% CO, 0.055% CRt. 5.96% 
H 2 0, and 91.7% DMF. 

The rich solvent goes to a multiple-unit separation process from which three streams emerge. 
One— the product gas— contains 99.1 mole% C 2 H 2 , 0.059% H 2 0. and the balance CO : ; the 
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second— the stripper off-gas — contains methane, carbon monoxide, carbon dioxide, and water; and 
the third — the regenerated solvent — is the liquid DMF fed to the absorber. 

A plant is designed to produce 5 metric tons/day of product gas. Calculate the following quan- 
tities. 

(a) The required flow rates (SCMH) of the methane and oxygen feed streams. 

(b) The molar flow rates (kmol/h) and compositions of the gas feed to the absorber, the absorber 
off-gas, and the stripper off-gas. 

(c) The DMF circulation rate (kmol/h). 

(d) The overall product yield (mol C 2 H 2 in product gas/mol CH, in the feed to the reactor), and the 
fraction that this quantity represents of its theoretical maximum value. 

(e) The total heating requirements (kW) for the methane and oxygen feed preheaters. 

(f) The temperature attained in the converter. 

13 9.70. The wastewater treatment plant at the Ossabaw Paper Company paper mill generates about 24 
Hf tonnes of sludge per day (1 tonne = 1 metric ton = 1000 kg). The consistency of the sludge is 35%, 

Equipment meaning that the sludge contains 35 wt% solids and the balance liquids. The mill currently spends 

Encyclopedia $40/tonne to dispose of the sludge in a landfill. The plant environmental engineer has determined 

boiler, dryer that if the sludge consistency could be increased to 75%, the sludge could be incinerated (burned) 

to generate useful energy and to eliminate the environmental problems associated with landfill dis- 
posal. 

A flowchart for a preliminary design of the proposed sludge treatment process follows. For 
simplicity, we will assume that the liquid in the sludge is just water. 



® 
Sludge 
24 tonnes/day 
35% consistency 



T= 22°C 



Saturated steam 
P = 4.00 bar 



® 



Boiler feedwater 
T = 20°C 

#6 fuel oil 



T = 65°C 



Air 
T= 25°C 



Water vapor, 
sat'd at 1 atm 

T © 

Concentrated sludge 

75% consistency 



DRYER 



2 2 



INCINERATOR 



Hot waste gas 



Condensate 
(saturated) 



03 

BOILER 

(62% efficient) 

Hot combustion 
products 



Preheated air 

r= no°c 



Preheated air 
T= 125°C 



BOILER AIR 
PR EH EATER 



Qo 



© . 
Natural gas 
(90 mole% CH 4 
10% C 2 H 6 ) 
T= 25°C 

©Air 

T= 25°C 



Q 0 (kJ/day) k preheat boiler furnace air 

f2i(kJ/day) *- generate steam in boiler 

Q 2 (kJ/day) y- evaporate sludge water 

Q 3 (kJ/day) heat loss from dryer 

Q^kJ/day) >- preheat incinerator air 



Process description: The sludge from the wastewater treatment plant (Stream @) passes through a 
dryer where a portion of the water in the sludge is vaporized. The heat required for the vaporiza- 
tion comes from condensing saturated steam at 4.00 bar (Stream (§)). The steam fed to the dryer 
is produced in the plant's oil-fired boiler from feedwater at 20°C (Stream ©). The heat required 
to produce the steam is transferred from the boiler furnace, where fuel oil (Stream ©) is burned 
with 25% excess air (Stream (§))• The concentrated sludge coming from the dryer (Stream (F)), 
which has a consistency of 75%, is fed to an incinerator. The heating value of the sludge is insuf- 
ficient to keep the incinerator temperature high enough for complete combustion, so natural gas 
(Stream ©) is used as a supplementary fuel. A stream of outside air at 25°C (Stream @) is heated 
to 110°C and fed to the incinerator along with the concentrated sludge and natural gas. The waste 
gas from the incinerator is discharged to the atmosphere. 



"Problem based on material contributed by Joseph Lemanski of the Kimberly-Clark Corporation and Morton 
Barlaz of North Carolina State University. 
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Fuel oil: The oil is a low-sulfur No. 6 fuel oil. Its ultimate (elemental) analysis on a weight basis 
is 87% C, 10% H, 0.84% S, and the balance oxygen, nitrogen, and nonvolatile ash. The higher 
heating value of the oil is 3.75 X 10 4 kJ/kg and the heat capacity is C p = 1.8 kJ/(kg- a C). 

Boiler: The boiler has an efficiency of 62%, meaning that 62% of the heating value of the fuel oil 
burned is used to produce saturated steam at 4.00 bar from boiler feedwater at 20°C. Fuel oil at 
65°C and dry air at 125°C are fed to the boiler furnace. The air feed rate is 25% in excess of the 
amount theoretically required for complete consumption of the fuel. 

Sludge: The sludge from the wastewater treatment plant contains 35% w/w solids (S) and the bal- 
ance liquids (which for the purposes of this problem may be treated as only water) and enters 
the dryer at 22°C. The sludge includes a number of volatile organic species, some of which may 
be toxic, and has a terrible odor. The heat capacity of the solids is approximated constant at 
2.5 kJ/(kg-°C). 

Dryer: The dryer has an efficiency of 55%, meaning that the heat transferred to the sludge. Q 2 , 
is 55% of the total heat lost by the condensing steam, and the remainder, Q 3 , is lost to the sur- 
roundings. The dryer operates at 1 atm, and the water vapor and concentrated sludge emerge 
at the corresponding saturation temperature. The steam condensate leaves the dryer as a liquid 
saturated at 4.00 bar. 

Incinerator The concentrated sludge has a heating value of 19,000 kJ/kg dry solids. For a feed sludge 
of 75% consistency, the incinerator requires 195 SCM natural gas/tonne wet sludge [1 SCM = 
1 m 3 (STP)]. The theoretical air requirement for the sludge is 2.5 SCM air/10,000 kJ of heating 
value. Air is fed in 100% excess of the amount theoretically required to burn the sludge and the 
natural gas. 

(a) Use material and energy balances to calculate the mass flow rates (tonnes/day) of Streams ® ©, 
©, ©, (F), ©, and @), and heat flows Qo, Q u . . . , £>4(kJ/day). Take the molecular weight of air to 
be 29.0. (Caution: Before you start doing lengthy and unnecessary energy balance calculations 
on the boiler furnace, remember the given furnace efficiency.) 

(b) The money saved by implementing this process will be the current cost of disposing of the 
wastewater plant sludge in a landfill. Two major costs of implementing the process are the in- 
stalled costs of the new dryer and incinerator. What other costs must be taken into account 
when determining the economic feasibility of the process? Why might management decide to 
go ahead with the project even if it proves to be unprofitable? 

(c) What opportunities exist for improving the energy economy of the process? (Hint: Think about 
the need to preheat the fuel oil and the boiler and incinerator air streams and consider heat 
exchange possibilities.) 

(d) The driving force for the introduction of this process is to eliminate the environmental cost of 
sludge disposal. What is that cost— that is, what environmental penalties and risks are associ- 
ated with using landfills for hazardous waste disposal? What environmental problems might 
incineration introduce? 
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Computer- Aided 
Balance Calculations 

If you have worked your way through the preceding nine chapters, you are aware — maybe 
painfully so — that solving material and energy balance problems manually for even relatively 
simple systems can be a cumbersome and time-consuming task. Imagine what it must be like to 
do it for, say, an entire petroleum refinery! An alternative approach is to devise an algorithm 
(a systematic procedure) to perform the calculations and then to program a computer to im- 
plement it. This now common technique, referred to as flowsheeting, is the principal topic of 
this chapter. 

10.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Clearly define, in your own words, the terms: design variables and state variables, sequential 
modular flowsheet simulation, equation-based flowsheet simulation, tear stream, convergence 
block, and design specification. 

• Given a description of a single-unit chemical process, determine the number of degrees of 
freedom and identify a set of design variables that leads to an efficient calculation procedure 
(one that minimizes the number of equations that must be solved simultaneously). 

• Given a description of a multiple-unit process, determine the number of degrees of freedom, 
identify a set of feasible design variables, and if there are cycles in the flowchart, identify rea- 
sonable tear stream variables and outline the solution procedure. Draw a sequential modular 
block diagram for the process, inserting necessary convergence blocks. 

• Set up a spreadsheet to perform material and energy balance calculations for single-unit and 
multiple-unit processes. 

10.1 DEGREE-OF-FREEDOM ANALYSIS REVISITED 

As defined in Section 4.3d, the degrees of freedom of a system, w df , is the number of system 
variables whose values must be specified before the remaining variables can be calculated. If a 
system is described by n e independent equations in n w variables, then - « v — n e . 

• If «df = 0 ( e -g-> ^ there are three independent equations in three unknowns), then the un- 
known system variables can, in principle, be calculated. 

• If n df > 0 — for example, three equations in five unknowns, so that n df = 2 — then n d f vaf i" 
able values must be specified as part of the system definition, and the remaining unknown 
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variables may then be calculated from the system equations. Variables that are externally 
specified are called design variables, and those that are then calculated from the system equa- 
tions are called state variables. 
• If n d { < 0, there are more equations than variables, and the process is overdefined: either 
you have written more equations than you are entitled to write (e.g., three material balances 
on a two-component system), or you have miscounted the variables, probably by not fully 
labeling the flowchart. 

The remainder of this section illustrates degree-of-freedom analyses for increasingly com- 
plex systems: first a single nonreactive process unit, then a single reactive unit, and finally a 
system of several interconnected units. 



10.1a Single Process Unit 

The number of unknown variables for a single unit is the sum of the unknown component 
amounts or flow rates for all inlet and outlet streams, plus all unknown stream temperatures 
and pressures, plus the rates of energy transfer as heat and work. The equations available to de- 
termine these unknowns include material balances for each independent species, an energy bal- 
ance, phase and chemical equilibrium relations, and additional specified relationships among 
the process variables. 

Let us first consider a heated mixer in which a stream of oxygen and nitrogen at 25°C is 
blended with a stream of pure oxygen at 40°C, and the combined stream is heated to 50°C. 



«i(kg 0 2 ) 
40°C 

n 2 (kg 0 2 ) 
„ 3 (kg N 2 ) 
25°C 



MIXER- 
HEATER 

A 

I 

Q(kJ) 



i 4 (kg0 2 ) 
« 5 (kg N 2 ) 
50°C 



A degree-of-freedom analysis on this simple process would proceed as follows: 

6 variables (nj, . . . , /is, and Q) 
-3 relations (2 material balances and 1 energy balance) 

= 3 degrees of freedom 

Thus, three specifications would have to be provided in the problem statement, following which 
the system equations could be solved for all remaining unknowns. Specifying values of three 
of the variables would suffice, as would giving values for two of the variables and a relation- 
ship between the masses of the two feed streams. (Convince yourself — choose values for any 
three variables and mentally go through the calculation of the remaining three from the system 
equations.) 

The following example illustrates a degree-of-freedom analysis for a process that involves 
vapor-liquid equilibria between effluent process streams. 

EXAMPLE 1 0.1-1 Degree-of-Freedom Analysis of a Flash Vaporizer 



A liquid mixture of n-hexane (HX) and rc-heptane (HP) at a high pressure is abruptly exposed to 
a lower pressure. A portion of the mixture evaporates, yielding a vapor mixture relatively rich in 
hexane (the more volatile of the two feed components) and a residual liquid mixture relatively rich 
in heptane. The two product streams are in equilibrium at temperature T and pressure P; their com- 
positions are related by Raoult's law (Section 6.4b). 
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n 2 (mol) @ T, P 



x 2 [mol HX(v)/mol] 

(1 -x 2 )lmo\ HP(v)/moi: 



j^tmol HXtD/mol] 

(1 -^[mol HP(l)/mol] 




n 3 (moi) @ T, P 



x 3 [mol HXtD/mol] 

(1 --r 3 )[mol HP(l)/mol] 



The relations among the system variables are as follows: 

ni = n 2 + n-i 

n\X\ = 112X2 + n-}X} 

(l-x 2 )P = (1 - x 3 )p' HP (T)\ 
^g[p' HX (T)] = A HX - B HX /(T + C HX )| 
log[p* HP (T)] = A HP - B HP /(T + C H p) 



(total mole balance) 
(hexane balance) 

(Raoult's law) 
(Antoine equation) 



(1) 
(2) 
(3) 
(4) 
(5) 
(6) 



Perform a degree-of-freedom analysis on this system, and outline a solution procedure for the fol- 
lowing sets of design variables: 

1. ni, *i> T . and x-$. 

2. a?2, xi, n-i, and x 3 . 

3. rt\. ni, AI3. and T . 



SOLUTION 



Ten variables — A!i,rt2,At3, x\,x 2 , x-$,T , P , p*^, and p^p — appear in these six equations. The system 
consequently has 10 - 6 = 4 degrees of freedom. Four of these variables must be specified in a 
problem statement, following which the remaining six variables can be calculated from the given six 
equations. Notice how the difficulty of the calculation depends dramatically on which four variables 
are specified (i.e., which ones are the design variables). 

1. Design variables n\,Xi, T, andx 3 . If values of these four variables are specified, the following 
relatively straightforward solution procedure could be used to solve for the remaining (state) 
variables. 



Specify values for ni, xi,T,x 3 



Phx = - 


• (from Equation 5) 


Php = ' 


• • (from Equation 6) 



I 



P = *3/>hx + (1 ~~ x i)Php (Equations 3 + 4) 
x 2 = x 3 p* HX / P (Equation 3) 



ai 2 + Ai 3 = ni (Equation 1) 
AI2JC2 + n 3 x 3 = n\X\ (Equation 2) 



> Solve for ai 2 , AI3 



The first four equations each contain one unknown and can be solved directly; the final two 
equations in two unknowns are linear, so they also can be solved without difficulty. 
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2. Design variables n 2 , x 2 , n h andx 3 . For this choice of design variables, a relatively lengthy trial- 
and-error procedure is required to solve for the remaining variables. One possible proced 
is shown here. 



ure 



Specify n 2 , x 2 , n 3- x 3 



T 



«i = n 2 + «3 (Equation 1) 
= (x 2 n 2 + x 3 n 3 )/n 1 (Equation 2) 



I 



Assume T 



Phx = /CT)(Equation 5) 
Php = g(H(Equation 6) 

(Equation 3 + Equation 4) 



I 



*3Phx 



1 - x 2 (1 - .t 3 )/?HP ( E q uati ° n 3/Equation 4) 
Solve for x 2 



< ^ .r 2 (calc) ~ .^(specified)? 
{ Yes 

Accept all calculated values 



No 



Choose new T 



Several methods can be used for the trial-and-error calculation, such as defining F(T) = 
x 2 (calc) - x 2 (specified) and using the goalseek tool on a spreadsheet to find the value of T for 
which F(T) = 0. 

3. Design variables n u ni, n 3 , and T. Some choices of design variables lead to contradictions of 
the system equations and so are not allowed. For example, choosing n u n 2 , and « 3 as design vari- 
ables is forbidden: once any two of these variables are specified, the third may not be assigned 
a value independently, but must be calculated from Equation 1. 



TEST 

YOURSELF 
(Answers, p. 662) 



1. Consider the following set of equations: 

x\ + 2x2 ~ x l — 0 
5xi - x\ + 4 = 0 

(a) How many degrees of freedom does this system possess? 

(b) Which choice of a design variable would lead to an easier procedure to solve for the 
state variables, x\ or X3? 

2. A liquid stream containing species A, B, C, and D enters a vaporizer (flow rates n x , . . . , 
« 4 kg/s). Essentially all of the A, 25% of the B, and none of the D is vaporized. The C 
is distributed between the liquid and vapor products according to a known equilibrium 
relationship. How many degrees of freedom does this process possess? 

3. Consider the equations (i) 5x - 3y = 7, (ii) lOx - 3y - 6z = 14, and (iii) y = 2z. 

(a) Try to solve this system of equations for x , y , and z , and explain why you can't do it. 

(b) Prove that the set of equations has one degree of freedom, choose a design variable, 
specify a value for it, and determine the corresponding state variable values. 



10.1b Multiple-Unit Processes 

A process that contains two or more interconnected units has fewer degrees of freedom than 
the sum of the degrees of freedom of the individual unconnected units. Suppose, for example, 
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that an output stream from the first of two units is the feed stream to the second unit and that 
no reactions occur in either unit. 



n^mol) 

x^mol CH 4 /mol) 

yjfmol C 2 H 6 /mol) 

(1 -*! -^Hmol C 2 H 4 /mol) 

rt 2 (mol) 

,t 2 (mol CH 4 /moP 

y 2 (moi C 2 H 6 /mol) 

(1 - x 2 - ,y 2 )(mol C 2 H 4 /mol) 




n 3 (mol) 



* 3 (mol CH 4 /mol) 

y 3 (mol C 2 H 6 /mol) 

(1 -* 3 -y 3 )(mol C 2 H 4 /mol) 




n 4 (mol) 

x A (mo\ CH 4 /mol) 

y 4 (mol C 2 Hg/mol) 

(1 - jr 4 - y 4 )(mol C 2 H 4 /mol) 

n 5 (mol) 

.t 5 (mol CH 4 /mol) 

>>5(mol C 2 H 6 /mol) 

(1 - x 5 - y b )(mo\ C 2 H 4 /mol) 



Let us first perform a degree-of-freedom analysis for unit A. We count nine variables (three 
for each stream entering or leaving the unit) and three equations (mass balances on methane, 
ethane, and ethylene) to obtain six degrees of freedom. The same result is obtained for unit B. 
Individually, then, there are 12 local degrees of freedom — local signifying that we are consid- 
ering each unit as isolated, unconnected to the others. 

In fact, the units are linked so that in the preceding analysis we have overcounted variables: 
specifically, the three variables associated with the product stream from unit A («3, xj, and V3) 
are identical to the three associated with the feed to unit B. The analysis proceeds as follows: 

system variables = 18 local - 3 overcounted = 15 
system equations = 3 balances for each unit = 6 

degrees of freedom = 9 

Thus, nine process stream variable values must be specified for the given system, at which point 
balances can be used to determine the remaining six variables. 

In general, the number of degrees of freedom of a system of linked units equals the number 
of degrees of freedom of the individual units — that is, the total local degrees of freedom — minus 
the number of ties (variables common to two or more units, and hence overcounted), minus the 
number of any additional relations that were not counted in the individual unit analyses. 

The procedure for performing a degree-of-freedom analysis on a multi-unit process may 
be summarized as follows: 

1. Draw and completely label the flowchart. 

2. Determine the local degrees of freedom for each process unit, mixing point, and stream- 
splitting point in the process. The local degrees of freedom equal the number of 
unknown variables involved in the unit equations minus the number of independent 
relations among these variables. The relations may include material balances, an energy 
balance, equilibrium relations, and specifications of conversions, yields, selectivities, and 
mass or mole ratios. If a relation involves any variables belonging to units other than the 
one in question, however, count it in step 3 rather than here. 

3. Determine the degrees of freedom of the total process. This quantity equals the sum of 
the local degrees of freedom, minus the number of independent relations among process 
variables that were not counted in step 2 (such as overall reactant conversions or percent- 
age recoveries), minus the number of ties (overcounted variables) between units. 

If the number of degrees of freedom determined in this manner equals zero, all unknown 
variables can, in principle, be determined. If n df is greater than zero, then « df variable values 
must be specified as design variables, and the remaining state variables may then be calculated. 

The following example illustrates this procedure. 

Degree- of- Freedom Analysis of a Multiple-Unit Process 

Methanol may be produced from carbon monoxide and hydrogen in the reaction 

CO + 2H 2 CH3OH 



EXAMPLE 10.1-21 

Equipment 
Encyclopedia 

heat exchanger, 
reactor, condenser 
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The fresh feed, which contains CO and H2 in stoichiometric proportion, enters the process at a rate of 
2.2 m 3 /s at 25°C and 6.0 MPa and combines adiabatically with a recycle stream. The combined stream 
is heated to 250°C and fed to the reactor. The reactor effluent emerges at the same temperature and 
is cooled to 0°C at P = 6.0 MPa, partially condensing the methanol product. The gas leaving the 
condenser is saturated with methanol: 1% is taken off for process monitoring purposes and the 
remainder is recycled. An overall CO conversion of 98% is achieved. The ratio of H 2 to CO is 2 mol 
H2/ 1 mol CO everywhere in the process system. Ideal gas behavior may be assumed. 

Carry out a degree-of-freedom analysis for this process and show that the given information 
is sufficient to allow the calculation of the component flow rates for all streams, the required heat 
duties for all process units, and the temperature of the combined feed stream to the reactor pre- 
heater. 



SOLUTION 



2.2 m 3 /s 
@ 25°C, 6.0 MPa 



MIXING 
POINT 



PREHEATER £? h (kW) 



n 0 (mol CO/s) 
2n 0 (mol H 2 /s) 



n^mol CO/s) 
2n 1 (mol H 2 /s) 
n 2 {mo\ CH3OH/S) 
TA°C) 



n l {mo\ CO/s) 
2/i 1 (mol H 2 /s) 
ri 2 (mol CH3OH/S) 
250°C 



Recycle 



REACTOR 

250°C, 
6.0 MPa 



n 3 (mol CO/s) 
2n 3 (mol H 2 /s) 
n 4 (mol CH3OH/S) 
250°C 



CONDENSER 
0°C, 
6.0 MPa 



0.99 n 3 (mol CO/s) 
1.98 n' 3 (mol H 2 /s) 
0.99 n 6 (mol CH 3 0H(v)/s) 
0°C, 6.0 MPa 



n 5 (mol CH 3 0H(l)/s) 



n 3 (mol CO/s) 
2n 3 (mol H 2 /s) 

n 6 (mol CH 3 0H(v)/s), saturated 
Sample 



- J 0.01 n 3 ( mo1 co/s > 

Sample 0.02 n* 3 (mol H 2 /s) 

takeoff 0.01 « 6 (mol CH 3 0H(v)/s) 

point 0°C, 6.0 MPa 



In labeling the flowchart, we have taken advantage of the fact that CO and H 2 remain in stoichio- 
metric proportion throughout the process, which cuts down on the number of unknown variables 
that must be defined: if the flow rate of CO is n f , the flow rate of H 2 must be 2/i,-. However, this also 
means that we cannot write independent balances on these two species. We must therefore allow 
for no more than two independent material balances on each process unit when we do the degree- 
of-freedom analysis, rather than the three that would normally be allowed when three species are 
involved in a process. 



Mixing Point 



Preheater 



Reactor 



Condenser 



6 variables (h 0 ,hi,h 2 ,h 3 ,h 6 ,T a ) 

- 4 relations (2 material balances, 1 energy balance, 

and the ideal gas equation of state for the fresh feed) 

= 2 local degrees of freedom 

4 variables (hu^T^Qh) 

- 1 relation (The energy balance. We cannot count material balances. 

since in labeling the outlet flow rates the same as the inlet flow 
rates, we have implicitly used up the two allowed material ba lances.) 

= 3 local degrees of freedom 

5 variables (h u h 2 , h 3 , n 4 , Q T ) 

- 3 relations (2 molecular species balances, 1 energy balance) 
+ 1 chemical reaction 



= 3 local degrees of freedom 



5 variables (n3,«4,«5,«6,ec) 
- 3 relations [1 material balance (Can you see why?), 

1 energy balance, saturation condition at outlet] 
= 2 local degrees of freedom 
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Purge Point 2 variables (n 3 , h 6 ) 

- 0 relations (In labeling the chart, we have built in all 

allowed balances. If this is not clear to you, try writing 
a balance on, say, hydrogen, and observe th e result.) 

= 2 local degrees of freedom 

Process 12 local degrees of freedom (2 + 3 + 3 + 2 + 2) 

- 11 ties (hi, h 2 , and n 6 were each counted three times. h 3 was counted 

four times, and « 4 and T a were each counted twice) 
- 1 additional relation (98% overall convers ion) 

= 0 degrees of freedom 

The process is therefore completely specified. 

The solution of the system equations for all unknown variables is straightforward. The ideal gas 
equation of state applied to the fresh feed stream yields h 0 . The specified overall CO conversion 
yields h 3 from the equation 0.01n 3 = (1 - 0.98)«o. Raoult's law at the condenser outlet combined 
with the calculated value of ra 3 yields rc 6 , and an overall carbon balance yields h s . Balances on CO 
and CH 3 OH at the mixing point yield hi and h 2 , and an energy balance for the same subsystem yields 
r a . An energy balance on the preheater then yields £? h . A methanol balance on the condenser yields 
« 4 , and then energy balances on the reactor and the condenser yield Q x and Qc, respectively. 



TEST 

YOURSELF 
(Answers, p. 662) 



Consider the flowchart shown here for a nonreactive mixing-separation process. 



fiitmol/s) 


MIXER 




/i 4 (mol/s) 


.^(mol A/mol) 

(1 - .tjXmol B/mol) 


n 3 (mol/s) 

.^(mol A/mol) 

(1 -x 3 Kmo\ B/mol) 


1 

SEPARATOR 

L 


.r 4 (mol A/mol) 

(1 -.r 4 )(mol B/mol) 

« 5 (mol/s) 


/i 2 (mol A/s) 






* 5 (mol A/mol) 



(1 -x 5 )(mol B/mol) 



1. How many local degrees of freedom does each unit possess? 

2. How many total degrees of freedom does the entire process system possess? 



10.1c Solving Algebraic Equations 



Once you have specified values for your design variables, you are faced with the task of solv- 
ing the system equations for the state variables. For relatively simple processes, the manual 
techniques presented in previous chapters are applicable and should be used. 

Unfortunately, chemical processes are seldom relatively simple. For example, most prob- 
lems you have encountered in this text could eventually be reduced to the solution of linear 
algebraic equations. 

0.21« a i r = 2015 Solve for n a [ T 



rtl + n 2 = 100 ( 
0.96n! + 0.05« 2 = 50 



Solve for n x and n 2 



However, some could not. You encountered nonlinear equations, for example, when learning 
about equations of state: 

PV 



?. — — — 
RT + y + ^2 + tH + ^5 



Given P and T, solve for V 



and when studying vapor-liquid equilibrium 

log 10 p* = A + B/(C + T) 
and when applying the first law of thermodynamics 

AH = a(T - 25) + b(T 2 - 25 2 ) + c(T 3 - 25 3 ) 



Given T, solve for p* 

Given AH, solve for T 
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Solving sets of linear equations is tedious but straightforward. Solving nonlinear equations 
on the other hand, may or may not be straightforward. Doing so in all but the simplest cases 
involves trial-and-error, and there is usually no guarantee that you will be able to find a solution 
or that a solution you find is the only possible solution, or even that a solution exists. 

We suggest the following guidelines for solving n algebraic equations in n unknowns. 

• For linear equations with n < 3 or a single simple nonlinear equation, (e.g., y 2 - 2y - 3 = 0 
e x = 0.2, or sinfl = 0.5), solve manually using high school algebra methods. 

• For a single complex nonlinear equation of the form /(*) = 0, use a spreadsheet or an 
equation-solving program. If you use a spreadsheet, put an estimated value of* in one cell 
and the formula for /(*) in a second cell, then use the goalseek tool to set the value in the 
second cell equal to zero by varying the value in the first cell. The final value in the first cell 
is the desired solution. 

• For linear equations with n > 3 or nonlinear equations with n > 2, use an equation-solving 
program. 



10.2 SEQUENTIAL MODULAR SIMULATION 



As we noted at the beginning of this chapter, there are two broad approaches to the auto- 
mated solution of the balance equations for a process system: the sequential modular approach 
and the equation-based approach. This section outlines the first of these methods. The balance 
equations (and any other equations that may arise from physical considerations or process 
specifications) for each unit are written and solved. If there are no recycle streams, the calcu- 
lation moves from one unit to another, until all units have been covered. If there is a cycle (the 
conventional term for a recycle loop in a process flowchart), a trial-and-error procedure is re- 
quired: values of one or more stream variables in the cycle are assumed; the balance equations 
for units in the cycle are solved, one unit at a time, until the values of the assumed variables are 
recalculated; new variable values are assumed; and the procedure is repeated until the assumed 
and calculated values agree. 

The object of the presentation that follows is not to enable you to go out and simulate 
complex processes— the treatment is too brief and general for that— but simply to give you a 
sense of the structure of process simulation programs and calculations and to provide an idea 
of what such programs can do. 



10.2a Elements of a Modular Simulation 



The first step in setting up a process for the sequential modular approach is to reconstruct 
the process flowchart in terms of blocks or modules (process units or operations) and streams 
connecting them. Several types of blocks and names that might be given to them are as follows: 

MIX Mix several inlet streams adiabatically to form one product stream. 

SPLIT Split a single inlet stream into two or more product streams with the 

same composition and temperature. 

COMPRESS Raise the pressure of a gas by a specified amount. 

PUMP Raise the pressure of a liquid by a specified amount. 

FLASH Convert a liquid stream at one pressure to liquid and vapor streams 

in equilibrium at a lower pressure. 
DISTILL 1 F 

EXTRACT I Simulate the separation processes of distillation, extraction, 
CRYSTAL [ crystallization, and absorption. 
ABSORB J 

REACT Simulate a chemical reactor. 



An additional block type— the convergence block— has a function to be described later. 
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The simulation program contains a built-in subprogram corresponding to each block type. 
To simulate a process, you would use the simulation program to build a flowchart and then 
enter known block and stream variable values in forms provided by the program. When you 
subsequently run the simulation, a series of calls to the block subroutines would lead to the 
solution of the process material and energy balance equations. 

For example, suppose two streams labeled SI and S2 are mixed adiabatically to form a 
third stream S3. A MIX block might be used to simulate this operation. (What the subprogram 
for this block might look like is the subject of the next example.) 



S1 



S2 



M1 
MIX 



S3 



The step in the program that would perform the material and energy balances for this unit 
would be initiated by a statement equivalent to the program statement. 

CALL MIX (Ml, SI, S2, S3) 

Ml is a label, identifying the unit that has streams SI and S2 as inputs and stream S3 as an output. 
In the subprogram, SI, S2, and S3 would each be arrays, the elements of which contain enough 
information to specify the flow rate, composition, and temperature of each stream. Prior to 
this statement in the program, the values of the elements of arrays SI and S2 would have been 
either specified or determined as the outputs of other blocks. The subprogram would calculate 
the component flow rates of stream S3 by solving material balance equations and (if required) 
the temperature of the stream by solving the energy balance equation (A// = 0). 



EXAMPLE 10.2-V Structure of a Mixing Block Routine 



Two streams are mixed adiabatically. Each stream may contain any of five components (A, B, C, D, 
and E). No phase changes take place. The heat capacities of all components may be approximated 
as constants, and the heat of mixing may be neglected. A computer program is to be written to 
calculate the component molar flow rates and temperature of the product stream from specified 
values of these quantities for the feed streams. 



si 



n 1A (mol A/s) 
/j 1B (mol B/s) 








n lc (mol C/s) 






S3 

n 3A (mol A/s) 
«3 B (mol B/s) 
n 3C (mol C/s) 
/i 3D (mol D/s) 


n 1D (mo! D/s) 
fj 1E (moi E/s) 


MIXER 


T^C) 
S2 







n 2A (mol A/s) ri 3E (mol E/s) 

n 2B (mol B/s) TafC) 
« 2C (mol C/s) 
n 20 (mol D/s) 
n 2 ^moi E/s) 



r 2 (°C) 



1. Write equations for the product stream component flow rates and temperature. 

2. Create a spreadsheet that would determine the product stream variables from given values of 
the feed stream variables. 

3. Write a Fortran subroutine that would perform the same calculations. 



SOLUTION 1. A degree-of-freedom analysis of this unit reveals 18 variables (six for each stream) and six 

equations (five material balances and an energy balance) for a net 12 degrees of freedom. The 
design variables are the 12 feed stream variables, leaving the product stream component flow 
rates and temperature as the state variables. 
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The material balance equations are trivial: 

"3A = "1A + "2A 
"3B = «1B + "2B 
"3C = "lC + "2C 
"3D = «1D + "2D 
"3E = "IE + "2E 



(1) 

(2) 
(3) 
(4) 
(5) 



Let us choose as the reference state for each component the system phase (liquid or gas), tem- 
perature (Ti), and pressure (1 atm). The specific enthalpy of, say, component A in the product 
stream would be H 3A = C pA (T 3 - T x ). (Remember that there are no phase changes and we 
are assuming constant heat capacities.) The energy balance for this open adiabatic system is 
AH = 0, or 

AH = ^ "out#out - ^ "inHin 

= [«A3C pA + h m C pB + ■■■ + h E3 C pE ]{T 3 - to 

- [n A2 C pA + n m C pB + ■■■ + n E2 C pE ](T 2 ~ T x ) = 0 

(All of the enthalpies of the stream 1 components are zero). Solving this equation for T 3 yields 
7-3 = 7^+ "A2Cp A + h B2 C P B + hdCpc + h D2 C pD + h m C pE ^ 



7-.) 



(6) 



nA}C pA + h B3 C pB + h C3 C p c + n D3 C pD + h E3 C pE 
Equations 1 to 6 may be solved sequentially for the product stream variables. 
2. A spreadsheet program that solves the six system equations is easy to construct. With a little 
more effort, a flowchart can be imbedded into the spreadsheet in such a way that the product 
stream variables are automatically updated if any of the input stream variables are changed. 
In the example that follows, the following heat capacities are used: 



i Species 


A 


B 


C 


D 


E 


: C p [J/(mol-°C)] 


77.3 


135.0 


159.1 


173.2 


188.7 



The spreadsheet might appear as follows. 1 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 



SI 



23.5 mol A/s 
16.2 mol B/s 

8.5 mol C/s 

5.6 mol D/s 
2.2 mol Us 

135.0°C 

S2 



0.0 mol A/s 
57.0 mol B/s 
29.0 mol C/s 
15.6 molD/s 

0.0 mol Us 
23.0°C 



S3 



23.5 



73.2 



37.5 



21.2 



2.2 



57.7 



mol A/s 
mol B/s 
mol C/s 
mol D/s 
mol Us 
°C 



Species 


A 


B 


C 


D 


E 


CP 


77.3 


135.0 


159.1 


173.2 


188.7 





The flowchart shows a set of specified input variables for streams SI and S2 and the calculated 
product stream variables determined from Equations 1 to 6. The formula of Equation 1 for 
«A3( = «ai + n A2 ) would be entered in Cell G7 as 

= A3 + All 



'The spreadsheet was created with Microsoft Excel®. The values and formulas were first entered, and then the 
line and rectangle drawing tools were used to create the flowchart. For clarity, most grid lines are not shown. 
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indicating that the value in Cell G7 would be obtained as the sum of the values in Cells A3 and 
All. If the value in either of these cells is changed on the spreadsheet, the value in G7 would 
change accordingly. Similarly, the formula of Equation 6 for T3 would be entered in Cell G12 
as 

= A8 + (A11*C19 + A12*D19 + A13*E19 + A14*F19 + A15*G19)*(A16-A8)/ 
(G7*C19 + G8*D19 + G9*E19 + G10*F19 + G11*G19) 

(Verify.) Changing either T { (in Cell A8) or T 2 (in Cell A16) on the spreadsheet would cause 
the new value of T3 to appear in Cell G12. 
3. A Fortran subroutine that performs the same calculations follows. 

SUBROUTINE MIX(M , SI, S2 , S3) 
C**** M IS A UNIT LABEL 

C**** ARRAYS SI AND S2 ARE INPUT, AND S3 IS OUTPUT 

DIMENSION Sl(6) , S2 (6) , S3 (6) 

COMMON CP (5) 
C**** SOLVE MATERIAL BALANCES 

DO 1003 = 1,5 
100 S3Q) = SIO) + S2(3) 
c **** IF Tl = T2, SET T3 = Tl AND RETURN 

Tl = Sl(6) 

T2 = S2(6) 

IF (T1.EQ.T2) GO TO 200 
c ***« EVALUATE SUMS FOR ENERGY BALANCES 

SUM2 = 0.0 

SUM3 = 0.0 

DO 1503 = 1,5 

SUM2 = SUM2 + S2(3)*CPC3) 
150 SUM3 = SUM3 + S30)*CPO) 
C**** SOLVE ENERGY BALANCE FOR T3 

T3 = Tl + SUM2*(T2-T1)/SUM3 

S3 (6) = T3 

RETURN 
200 S3C6) = Tl 

RETURN 

END 



The next example illustrates the structuring of a sequential modular process simulation 
using blocks of the types just described. 



• 

Equipment 
Encyclopedia 

pump, heat 
exchanger, 
distillation 
column, 
condenser 



Simulation of an Acyclic Process 

The flowchart shown here depicts a multi-unit separation process. Three liquid streams are mixed 
adiabatically; the product stream is pumped through a heater to a distillation column, and the over- 
head product from the column is partially condensed to yield liquid and vapor products. Using the 
blocks MIX (mix two streams to form a third), PUMP, HEAT, DISTILL, and CNDS, construct a block 
diagram for the simulation of this process. 
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DISTILLATION 
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S8 
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SOLUTION 



Since three streams are mixed in the process but the MIX routine can only handle two feed streams, 
we need to use this block twice. In other respects, the block diagram looks like the process flowchart. 
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In the main simulation program, a series of statements resembling the following would be included 
(the first argument of each calling statement is the unit identifier): 

CALL MIX(M1,S1,S2,SA) 

CALL MIX(M2,S3,SA,S4) 

CALL PUMP(P1,S4,S5, parameters) 

CALL HEAT(H1,S5,S6, parameters) 

CALL DISTILLCST1 , S6 , S7 , S8 , parameters) 

CALL CNDS (CI, S7 , S9 , SiO , parameters) 

ITie PUMP calculation would cause the pressure of the liquid stream to be raised bv a specified 
amount; the routine might also calculate the required shaft work for this operation and could °o 
as far as to specify the type and size of pump needed for the job. The HEAT routine would calculate 
the heat input required to achieve the required temperature change and might also perform heat 
exchanger design calculations. 

The DISTILL subroutine would solve material and energy balance equations to determine the 
flow rates and compositions of both product streams and the heat requirement for the distillation 
column. Depending on the level of sophistication of the simulation program, the subroutine might 
then go on to determine details of the column design for the given separation. 

The CNDS subroutine would proceed in a similar manner for the condenser calculations— first 
solving material and energy balances to determine unknown flow rates and the heat dutv. and then 
possibly performing design calculations. 



10.2b Cyclic Systems and the Convergence Block 

Suppose the block diagram of a process has the following appearance: 
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Bl 
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B2 33 


B3 
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S4 






COOL 












S5 





Further suppose that you know the values of the variables associated with stream SI and vou 
wish to calculate the remaining stream variables. 

The procedure outlined in the previous section will not work, since there is no way to set 
the calculation started. To solve the equations for block Bl you must know the variable values 
for both SI and S5, but you cannot know S5 until you solve B3, for which vou need S3 and hence 
the solution of B2, which in turn requires a knowledge of S2 and hence 'the solution of BL and 
you are back where you began. 

If the calculations were to be done by hand, overall system and subsystem balances would 
eventually yield n equations in n unknowns, and the equations could then in principle be solved 
for all the desired process variables. It would be difficult to write a sequential modular program 
to implement this method for an arbitrary process, however. Instead, the following iterative 
approach is used. 

1. Assume variable values for a stream within the cycle (this is known as tearing the cvcle). 

2. Solve the system balance equations, working around the cycle from unit to unit until the 
tear stream variables are recalculated. 
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3. If the assumed and calculated tear stream variables agree within a specified tolerance, 
the solution is complete; if they do not, use the new values or some combination of the 
new and old values to initiate another swing around the cycle. Iterate in this manner until 
convergence is achieved. 

Suppose, for example, that in the process described above we choose S5 as the tear stream. 
The flowchart might then appear as shown here: 



SI 


Bl 


S2 


B2 


S3 


B3 




REACT 




COOL 




SEPARATE 



S4 



(assumed) 11 (calculated) 

The calculation would begin with an assumption of values of the variables associated with 
stream S5. The equations for blocks Bl, B2, and B3 could then be solved sequentially. The solu- 
tion for B3 would yield calculated variable values for stream SS. New assumed variable variables 
would be determined by one of several methods to be outlined, and the procedure would be 
repeated until the assumed and calculated values of the S5 variables agree to within a specified 
tolerance. 

The application of this procedure to a single tear stream variable is tantamount to solving 
an equation of the form x = f{x), where f(x) is the "function" that generates a new value 
of the tear stream variable x by working around the cycle. Techniques described in Appendix 
A.2— successive substitution and Wegstein's algorithm — can be used to perform this calcula- 
tion. 

Most simulation programs have a block, called a convergence block, that performs such 
calculations using the Wegstein algorithm. The output stream from this block contains the as- 
sumed set of tear stream variables, and the input stream contains the values calculated by work- 
ing around the cycle. The block diagram for the simulated process would appear as follows: 
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S5A j 84 ; S5C 
(assumed) i CONVG , (calculated) 



It is conventional to show the convergence block using dashed lines, since it does not corre- 
spond to a physical operation in the process. 

EXAMPLE 10.2-3 Simulation of a Cyclic Process 



The gas-phase dehydrogenation of isobutane to isobutene 

C4H10 ~ * C4H8 + Ht 

is carried out in a continuous reactor. A stream of pure isobutane (the fresh feed to the process) is 
mixed adiabatically with a recycle stream containing 90 mole% isobutane and the balance isobutene, 
and the combined stream goes to a catalytic reactor. The effluent from this process goes through a 
multistage separation process: one product stream containing all of the hydrogen and 1% of the 
isobutane leaving the reactor as well as some isobutene is sent to another part of the plant for 
additional processing, and the other product stream is the recycle to the reactor. The single-pass 
isobutane conversion in the reactor is 35%. 

The process flowchart for a fresh feed of 100 mol isobutane is shown below. For simplicity, the 
symbol A will be used to denote isobutane, B denotes isobutene, and C denotes hydrogen. 
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A = <-C 4 H 10 (g), B = (-C„H 8 (g), C = H 2 (g) 



I (?,(kW) "A2< m ° l A/s) I A (kW) n, 
«Ai(molA/s) j WKW ' ,i B2 (molB/s) l tWkW ' ^ 
-ieitmol B/s) | 1 n C2 (mol C/s) I 1 ,;, 



100 mol A/s 


iBitmol B/s) 


REACTOR 


n C2 (mol C/s) 


SEPARATOR 


«C3(mol C/s) 


20°C 




90°C 


30°C 






rt 4 (mol/s) 









0.90 mol A/mol 
0.10 mol B/mol 
85°C 



All streams shown are gases. On the flowchart. Q r is the required rate of heat transfer to the reactor 
and a is the net rate of heat transfer to the separation process (which involves several heat addition 
and removal steps). 

1. Perform a degree-of-freedom analysis on the process. 

2. Choose a tear stream variable and convert the flowchart into a block diagram for a sequential 
modular simulation, using blocks MIX, REACT, SEP, and a convergence block C0NVC. 

3. Write a spreadsheet program to determine the labeled process variables on the chart. 

SOLUTION 1. Three "units" comprise this process: the reactor, the separation process, and the mixing point, 

which in the process may be a stirred tank or simply a tee in the feed line. Let us first calculate 
the local degrees of freedom associated with each unit, and then the net degrees of freedom 
for the process. 

Mixing Point 4 unknowns (« A1 , h Rl , « 4 , T x ) 

— 3 balances (2 material balances, 1 energy balance) 
1 local degree of freedom 
Reactor (Count material balances on molecular species.) 

7 unknowns (n AU n B1 , « A2 , « B2 , ha, T u Q r ) 

- 4 balances (3 molecular species balances, 1 energy balance) 

- 1 additional relation (35% single-pass conversion) 
+ 1 chemical reaction 



3 local degrees of freedom 

Separator 8 unknowns (n A2 , h m , «C2, "A3, «B3, «C3, "4, 4) 

- 4 balances (3 material balances. 1 energy balance) 

- 1 additional relation (isobutane s plit) 
3 local degrees of freedom 

(We used the information that the recycle contains no hydrogen when we did not label a vari- 
able n C4 on the flowchart, so we should not count this fact as a second additional relation.) 

Overall Process 1 local degrees of freedom (1+3 + 3) 

- 7 ties (nAi,^Bi,"A2-"n2>"c2,«4. and T\ we re each counted twice) 
0 net degrees of freedom 

The problem can in principle be solved for all labeled variables. 
2. Before planning the solution strategy, let us observe the flowchart and confirm that we cannot 
proceed in a unit-to-unit manner without trial and error. 

The mixing unit has one local degree of freedom and three unknowns. We cannot solve for 
h AL and n B i until we know « 4 . To determine this variable, we must solve the separation process 
balance equations, but we cannot do so unless we know n A2) n B2 , and «C2- To calculate these 
variables, we must solve the reactor equations. Unfortunately, we cannot solve them either, 
since we must first know ri A1 and n A2 , for which we must solve the mixer equations, and we are 
back where we started. 
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The solution is to tear the cycle. We can tear it in any of three places: between the mixing point 
and the reactor, between the reactor and the separation process, or between the separation 
process and the mixing point. The first choice involves the trial-and-error determination of 
two variables, the second one involves three variables, and the third involves only one (n 4 ). The 
fewer variables you have to determine by trial and error, the more likely you are to succeed. 
Let us therefore choose the recycle stream as the tear stream. 

The block diagram for the simulation now appears as follows: 
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The program would take as input a guessed value for the tear stream variable n 4 (stream S4A) 
and might contain the following sequence of statements: 

CALL MIX(M1,S0,S4A,S1) 
CALL REACT(R1,51,S2,QR) 
CALL SEP(SP1,S2,S3,S4R,QS) 
CALL CONVG (CI, S4R.S4A) 

(The first unit called is always the one following the tear stream.) The call of SEP would result 
in the recalculation of « 4 from the separation process balances (stream S4R). CONVG would 
compare this value with the one initially assumed. If the two values agree to within a specified 
tolerance, the calculation would be terminated: otherwise, the new value would be used to 
begin another journey around the cycle. The nature of the iterative procedure performed by 
CONVG is discussed in greater detail in Appendix A.2. 

Equations could be derived and solved for all of the unknown process variables, making trial- 
and-error solution unnecessary. However, for illustrative purposes we will set up the spread- 
sheet to parallel the sequential modular solution procedure of part 2. 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 



X^■- 



0.35 



-78.64 



G r = 9980.4 kJ/s 



-568.4 kJ/s 



100 mol A/s 



20°C 

tf A = Fl35^1 



MIX 



190.0 



10.0 



mol A/s 
mol B/s 



50°C 



"a = 

A 



■131.99 



3.48 



REACT 



123.5 



76.5 



66.5 



mol A/s 
mol B/s 
mol C/s 



"a = 

A 
A 



90°C 
-127.60 L 



SEP 



7.48 



1.87 



100.0 mol/s 



0.900 mol A/mo I 
0.100 mol B/mol 
85°C 

A 



C0NV 



1.2 



62.9 



66.5 



mol A/s 
mol B/s 
mol C/s 



30°C 



A 
A 



-134.01 



1.62 



0.14 



n iQ = ] 135.91 mol/s 

0.900 mol A/mol 
0.100 mol B/mol 



-128.18 



6.96 



"4a _ "4c : 



-35.9 



All Hs in kJ/mol 



The spreadsheet shows an initially assumed value of the recycle flow rate (n 4a ) of 100.0 mol/s 
(Cell E13) and an assumed value of the mixing point outlet temperature of 50°C (Cell D8). 
The value of n 4a will be varied until the calculated recycle flow rate (ri^) in Cell J13 equals 
the assumed value, which it now does not. (The actual calculation will be done by finding the 
value of n 4a that drives the value of rc 4a - "4c in Cell 117 to zero.) Once the flow rates are 
correct, the mixing point temperature will be varied to determine the value that drives A// = 
X "output - X nin^in (in Cell D4) to zero for the adiabatic mixer. 

The entries in selected spreadsheet cells are shown below, in the order in which they might 
be entered. The specific enthalpies are for the gaseous species at the stream temperatures 
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relative to the elements at 25°C, with heats of formation taken from Table B.l and heat capacity 
formulas taken from Table B.2. Their numerical values are in kJ/mol. The other cells contain 
labels to provide clarity (such as [# A = ] in Cell A9). A spreadsheet drawing tool is used to 
draw the lines (denoting streams) and boxes (denoting process steps). 

D3 = 0.35 (given fractional conversion of A) 

A7 = 100 (basis of calculation) 

A8 = 20 (given fresh feed temperature) 

G8 = 90 (given reactor effluent temperature) 

38 = 30 (given product stream temperature) 

E13 = 100 (initial guess for recycle stream flow rate) 

E14 = 0.900, 314 = 0.900 (given mole fraction of A in recycle stream) 

E15 = 0.100, 315 = 0.100 (calculated mole fraction of B in recycle stream) 

E16 = 85 (given temperature of recycle stream) 

D6 = A7 + E13*E14 (A balance on mixing point) 

D7 = E13*E15 (B balance on mixing point) 

D8 = 50 (initial guess for combined stream temperature. Later vary to make 

A^mixer = 0 . ) 

G5 = D6*(l-D3) (unreacted A) 

C6 = D7 + D6*D3 (B balance on reactor: output = input + generation) 

C7 = D6*D3 (C balance on reactor: output = generation) 

3 5 = 0.01*G5 (1% of A in reactor effluent) 

313 = (G5-35)/314 (from A balance on separator) 

36 = G6 - H13*H15 (B balance on separator) 

37 = G7 (C balance on separator) 

B9 = -134.5 + 0.08946*(A8-25) + 30 . 13e-5* (A8A2-25A2)/2-18 . 91e-8* 
(A8A3-25A3)/3 + 49. 87e-12*(A8A4 - 25A4)/4 [= (AH°) A + \ C pA dT, 
specific enthalpy of A at 20°C relative to elements at 25°C] 

F17, F18, E9, E10, H9, H10, Hll, K9, K10, Kll = specific enthalpies of A, B ( 
and C at process temperatures (see formula for B9) 

D4 = D6*E9 + D7*E10 - A7*B9 - E13*E14*F17 - E13*E15*F18 (A// mixing poim ) 

G3 = G5*H9 + G6*H10 + G7*H11 - D6*E9 - D7*E10 (A# reactor ) 

33 = 35*K9 + 36*K10 + 37*K11 + 313*314*F17 + 313*315*F18 - G5*H9 
- G6*H10 - G7*H11 (A# separator ) 

117 = E13 - 313 (assumed recycle rate - recalculated recycle rate) 

As noted previously, once the given spreadsheet has been set up, the value in Cell E13 
( = n 4a ) is varied until the value in Cell 117 ( = n 4a - «4c) equals zero. This calculation is easily 
done using the goalseek tool in most spreadsheets. Then, the value in Cell D8 (the combined 
stream temperature) is varied until the value in Cell D4 ( AH mixing point ) equals zero, reflecting the 
energy balance on the adiabatic mixing point. The resulting spreadsheet is the correct flowchart 
for the process, and appears as follows: 
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182.3 



118.2 



98.2 



i kJ/s 
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mol B/s 
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A 



-127.60 



7.48 



1.87 



-870.1 



SEP 



0.900 mol A/mol 
0.100 mol B/mol 
85 3 C 

a r 



CONV 



kJ/s 

mol A/s 
mol B/s 
98.2 mol C/s 



1.8 



98.2 



30°C 



A,- 

A 



-134.01 



1.62 



0.14 



«4c = |200.6| mol/s 

0.900 mol A/mol 
0.100 mol B/mol 



-128.18 
6.96 



«4a _ "4c 1 



0.0 
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The recycle rate is 200.6 tnol/s, and the adiabatic mixing temperature is 64.5°C. Any of the input 
variable values could now be changed and the flowchart easily recalculated. 



Networks of recycle loops are commonly encountered in large processes, and a suitable 
choice of a tear stream may minimize the number of iterations required to solve the balance 
equations of such systems. For example, consider the block diagram shown below. There are 
two cycles in this process: 52-53-S4 and S3-S5-S7. To solve the system equations you could, 
for example, tear both S4 and S7, which would require the inclusion of two convergence blocks 
and hence the simultaneous solution of two iterative loops; however, you can instead tear one 
stream common to both cycles (S3), probably decreasing the computation time required to 
achieve the solution. 
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On the other hand, you will commonly encounter systems where you have no choice but 
to tear two or more streams, as in the next process. 
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There are three cycles: S2-S3-S4-S5, S7-S9-S11, and S3-S4-S6-S7-S8, and no single 
stream that if torn would permit the solution of all the system equations. For instance, if you 
tear S3 you could work your way around the first cycle to unit M2 but you would be stuck there 
for lack of knowledge of S8, and you would be similarly stuck at unit M3 in the third cycle since 
you would not know Sll. 

One of many possible ways to analyze this system is to tear S4 and S7 (so that at least one 
stream in each cycle is torn). You must call the block programs in an order for which they can 
be solved. Remember that SI, S4B, and S7B are presumably known, and convince yourself that 
the program following the block diagram would in principle work. 
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CALL DISTILL (Dl, S4B , S5 , 56) 
CALL MIX (M1,S1,S5,S2) 
CALL SPLIT (SP1,S7B,S8,S9) 
CALL MIX (M2,S2,S8,S3) 
CALL REACT (R1,S3,S4A) 
CALL CONVG (C1,S4A,D1,S4B) 
CALL DISTILL (D2 , S9 , S10 , Sll) 
CALL MIX (M3,S6,S11,S7A) 
CALL CONVG (C2 , S7A, Dl, S7B) 



(Calculates S5.S6) 
(Calculates S2) 
(Calculates S8,S9) 
(Calculates S3) 
(Calculates S4A) 
(Forces convergence of S4) 
(Calculates SlO.Sll) 
(Calculates S7A) 
(Forces convergence of S7) 



Other choices of tear streams could be made, and some simulation programs would permit 
you to use a single convergence block to force convergence of both tear streams simulta- 
neously. 

Techniques exist to determine systematically how many streams must be torn when mul- 
tiple cycles occur and the order in which to carry out the subsequent calculations We will not 
discuss these matters here. 



10.2c Design Specifications 



In the process simulations we have discussed so far, the direction of flow of information cor- 
responded to the direction of flow of the process streams-from feeds to products and around 
cycles. This mode of information flow is appropriate if the object is to calculate the output of 
a process for a given input and set of process parameters (temperatures, pressures, etc.); how- 
ever, it often happens that a desired output is specified and input or process unit parameters 
required to achieve this output are to be calculated. A feature of process simulation programs 
called a design specification is used for calculations of this type. 

Consider, for example, a single adiabatic flash evaporator for which the flow rate, compo- 
sition, temperature, and pressure of the feed stream are known. 



si 

100 mol A(l)/s 



(+ B(l), CO), 



FLASH 
P(atm) 
7XK) 



S2 

Vapor product stream at P, T 



/i AV (mol A(v)/s) (+ B(v), C(v), . . 
S3 

Liquid product stream at P, T 



n AU (mol A(l)/s) (+ BO), CO), . 



If the pressure in the evaporator is specified, a single call to the FLASH subprosram (which 
contams applicable vapor-liquid equilibrium correlations) yields the component flow rates in 
both product streams as well as the evaporator temperature. Suppose, however, that one of the 
component flow rates in one of the product streams is specified (e.g., « AV = 65 0 mol/s) and 
you wish to determine the value of P required to achieve the desired separation. The FLASH 
program by itself is incapable of performing this determination: it is set up to perform the 
forward calculation only. The approach is to set up an artificial cvcle. varying the value of P 
(the manipulated variable) until the calculated output variable (the sampled variable) is within 
a specified tolerance of the desired value. For example, you might specify 

|n A v - 65.0 mol A/s| < 0.001 mol A/s (i.e., 64.999 mol A/s < « AV < 65.001 mol A/s) 

This inequality is called the design specification for the process. 

A block diagram for the simulation with this design specification incorporated would be 
as follows: 
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A value of the manipulated variable (P) is initially guessed and the flash block equations are 
solved to generate the variables associated with streams S2 (including «av) and S3. The value of 
the sampled variable («av) is substituted into the design specification (|«av ~ 65.0 mol A/s| < 
0.001). If the specification is not satisfied, the convergence block generates a new value of P 
and the calculations are repeated. When the sampled variable value satisfies the design specifi- 
cation, the value of the manipulated variable is accepted and the simulation proceeds to down- 
stream blocks. The sampled variables in a design specification (there may be several of them) 
may be associated with the product streams of the unit for which the manipulated variable is 
being adjusted (as in this example), or they may be associated with streams far removed from 
this unit. 

Any number of design specifications may be built into a simulation, providing considerable 
flexibility for process design. You should remember, however (and if you do much simulation 
you will certainly be reminded), that whenever convergence blocks are part of a simulation 
there is no guarantee that convergence will be achieved, and the more convergence blocks 
you have the less likely you are to achieve it. In general, the better your initial guesses of the 
manipulated variable values, the more likely you are to achieve convergence and to achieve it 
rapidly. 

An example of a sequential modular simulation of a relatively large process is given in 
Example 10.3-3, following a discussion of the second broad approach to process simulation. 

10.3 EQUATION-BASED SIMULATION 

The sequential modular approach to process simulation solves system equations in blocks cor- 
responding to the unit operations that make up the process. The block diagram for the process 
looks very much like the traditional process flowchart. Since engineers are accustomed to view- 
ing chemical processes as sequences of unit operations, they tend to feel comfortable with this 
approach. 

In the equation-based approach, the equations for all units are collected and solved si- 
multaneously. The natural decomposition of the system into its constituent unit operations is 
therefore lost. Moreover, the simultaneous solution of large numbers of equations, some of 
which may be nonlinear, can be a cumbersome and time-consuming problem, even for a pow- 
erful computer. For all these reasons, most commercial simulation programs were still based 
on the sequential modular approach when this text was written. 

However, there are disadvantages associated with the sequential modular method. The 
block subroutines for simulating specific unit processes are designed to operate in a forward 
calculation mode only: that is, they calculate product stream variables from given values of 
feed stream variables and process conditions. Frequently, the problems the process engineer 
wants to solve fall into either of two other categories: (a) given process conditions and product 
stream variables, calculate feed stream variables; (b) given feed and product stream variables, 
calculate process conditions. In both cases, iterative calculations using design specifications 
and convergence blocks are required to solve the problems using a sequential modular pro- 
gram. 
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These difficulties vanish if the system equations are simply collected and solved for all 
unknown variables. Several powerful equation-solving algorithms are available in commer- 
cial programs like Maple®, Mathematica®, Matlab®, Mathcad®, and E-Z Solve® that make 
the equation-based approach competitive with the sequential modular approach. Many re- 
searchers in the field believe that as this trend continues, the former approach will replace 
the latter one as the standard method for flowsheet simulation. (Engineers are also working 
on "simultaneous modular" methods, which combine features of both sequential modular and 
equation-based approaches. We will not deal with these refinements here, however.) 

The following example illustrates the equation-based approach. 



EXAMPLE 1 0:3-11 Simulation and Design of a Two-Column Separation Process 



9 

Equipment 
Encyclopedia 

distillation 
column 



SOLUTION 



A stream containing 35.0 wt% benzene (B), 50.0% toluene (T), and the balance xylene (X) is fed 
to a distillation column. The overhead product from the column contains 67.3 wt% benzene and 
30.6% toluene. The bottoms product is fed to a second column. The overhead product from the 
second column contains 5.9 wt% benzene and 92.6% toluene. Of the toluene fed to the process, 
10.0% is recovered in the bottoms product from the second column, and 90.0% of the xylene fed to 
the process is recovered in the same stream. 

1. Perform a degree-of-freedom analysis on the process and outline a manual calculation proce- 
dure to determine the compositions of all streams. 

2. Construct a set of n equations in the n unknown stream variables identified in part 1. 



Basis: 100 kg Feed 



35 kg B 
50 kgT 
15 kgX 



«i(kg) 

0.673 kg B/kg 
0.306 kg T/kg 
0.021 kgX/kg 
COLUMN 1 




«5(kg) 

0.059 kg B/kg 
0.926 kg T/kg 
0.015 kg X/kg 
COLUMN 2 




n 2 (kg B) 
« 3 <kg T) 



n 6 (kg B) 

n 7 (kg T): 10% of T in feed to Column 1 
* 8 <kg X): 90.0% of X in feed to Column 1 



Column 1 4 variables («i, . . . , n 4 ) 

— 3 material balances 

= 1 local degree of freedom 
Column 2 7 variables (n 2 ,...,n H ) 

— 3 material balances 

= 4 local degrees of freedom 
Process 5 local degrees of freedom (1 + 4) 

-3 ties (n 2 ,n 3 ,n 4 ) 

— 2 additional relations (fractional recoveries 

of toluene and xylene in column 2 bottoms ) 

= 0 net degrees of freedom 

The process is therefore properly defined and all unknowns can in principle be determined. 

A manual solution is easily outlined. The specified recoveries of toluene and xylene in the bottoms 
from the second column allow the immediate determination of n 7 and n 8 , leaving three unknowns— 
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«i, «5, and ri(, — in the overall process system. Overall toluene and xylene balances provide two equa- 
tions in two unknowns — n x and n 5 — and an overall mass balance then yields n^. Finally, benzene, 
toluene, and xylene balances on either Column 1 or Column 2 yield solutions for n 2 , «3, and n 4 . 
The system equations are given below. We first write the allowed balances for column 1, then those 



for column 2, and finally the additional process specifications. 

Column 1 Balances B: 35.0 = 0.673*! + n 2 (1) 

T: 50.0 = 0.306*, + n 3 (2) 

X: 15.0 = 0.021m + "4 (3) 

Column 2 Balances B: n 2 = 0.059« 5 + "6 (4) 

T: n 3 = 0.926« 5 + n 7 (5) 

X: « 4 = 0.015n 5 + n 8 (6) 

10% T recovery: n 7 = 0.100(50.0) = 5.00 (7) 

93.3% X recovery: n 8 = 0.933(15.0) = 14.0 (8) 

We thus have eight equations in eight unknowns. The equations may easily be entered into an 

equation-solving program and solved to obtain n\ = 48.1, n 2 = 2.65, 113 - 35.3, n 4 = 14.0, n$ = 
32.7, n 6 = 0.72, « 7 = 5.0, and n 8 = 14.0. 



Although a computer is not needed to solve this particular set of equations, the same method can 
be used to derive sets of equations for much more complex processes — processes that do not easily 
yield to manual solution techniques. 



The next example illustrates the equation-based approach for a system that involves non- 
linear relations and recycle. 

EXAMPLE "10.3-?. Simulation of an Equilibrium Reaction/Separation Process 

Ethane is dehydrogenated to ethylene and acetylene in the following pair of catalytic reactions: 

C 2 H 6 ^ C 2 H 4 + H 2 [A ^ B + D] 

C 2 H 6 ^ C 2 H 2 + 2H 2 [A ^ C + 2D] 

The reactions take place at 977°C and 1 atm and proceed to a point such that the product gas com- 
position satisfies the following equilibrium conditions: 

ysyu = 3?5 ycyh = g.135 
y A v A 

where y denotes mole fraction. The product gas goes to a complex separation process that separates 
95% of the unreacted ethane from the ethlyene, acetylene, and hydrogen and recycles the separated 
ethane to the reactor. 

Perform a degree-of -freedom analysis on this process, set up the equations for all unknown stream 
variables, and outline a method of solution. 

SOLUTION Basis: 100 mol Ethane Fed to the Reactor 



n 0 (molC 2 H 6 ) r ; 100molC 2 H s 


REACTOR 




SEPARATION 
PROCESS 


*■ 


1 


1 

. _i 


rtj(mol C 2 H 6 ) 
« 2 (mol C 2 H 4 ) 
n 3 (mol C 2 H 2 ) 
« 4 (moi H 2 ) 

) 


n 5 (mol C 2 H 6 ) 
« 2 (mol C 2 H„) 
tt 3 (mol C 2 H 2 ) 
n 4 (mol H 2 ) 




n 6 (mol C 2 H 6 







The degree-of-freedom analysis proceeds in the customary manner. 
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Mixing Point 2 variables (n 0 , n 6 ) 

- 1 balance (ethane) 



= 1 local degree of freedom 
Reactor (Count balances on molecular species) 

4 variables (ny,.. . ,/i 4 ) 

- 4 molecular species balances 

- 2 equilibrium relations 
+ 2 chemical reactions 



= 0 local degrees of freedom 

Separation Process 6 variables (m , . . . , n 6 ) 

- 1 balance (Ethane. We implicitly used up the balances on 

ethylene, acetylene, and hydrogen when we labeled the 
outlet flow rates of these species n 2 , /i 3 , and n 4 .) 

- 1 additional relation (95% of the ethane fed to the separator 

leaves with the product.) 

= 4 local degrees of freedom 

Process 5 local degrees of freedom (1 +0 + 4) 

- 5 ties (n l ,...,n 4 ,n fl ) 

= 0 net degrees of freedom 
The system equations are as follows. 

Mixing Point «o + «6 = 100 (1) 

Reactor 

We will use the extent of reaction method for the reactor analysis (see Section 4.7e). From the two 
given stoichiometric equations, 

«i = 100 mol - 6 - 6 (2) 

"2 = 6 (3) 

"3 = 6 (4) 

n 4 = 6 + 26 (5) 

«tot = n x + m + m + « 4 = 100 mol + 6-26 (6) 

The mole fraction of the i'th component in the reactor effluent is n, « tot . The mole fractions of all 
four species can be expressed in terms of 6 and 6 using Equations 2 through 6, and the resulting 
expressions can be substituted into the given equilibrium relations to yield the following equations: 

6(6 + 26) 



(100 - 6 - 6)(100 mol + 6+26) 
6(6 +26) 2 



.75 (7) 



0.135 (8) 



(100 - 6 - 6X100 mol + 6 + 26) 2 

Separation Process Ethane split: n 5 = 0.05^! (9) 

Ethane balance: n, = n ? + n 6 (10) 

We now have 10 equations in 10 unknowns (n„, . . . , « 6 , ;i Iot , £ , and 6)- Once the equations are solved, 
any desired quantities may be determined, such as the component mole fractions in the reactor 
effluent, the overall and single-pass conversions, yields and selectivities, and (if stream phases and 
temperatures are specified) required heat duties on the reactor and separation process. 

Examining the 10 equations, we see that two are nonlinear (Equations 7 and 8) and the remain- 
der are linear. The full set of 10 simultaneous equations could be entered into an equation-solving 
program, or the following procedure involving no more than two simultaneous equations could 
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Solve equations 7 and 8 simultaneously for ft and 6 (trial and error — see below) 



I 



«1 


= 100 - ft - & 


(2) 


«2 


= 


(3) 


"3 


= 6 


(4) 






(5) 


n to , 


= «i + rt2 + «3 + «4 


(6) 



/is - 0.05ni 


(9) 


n 6 = nt - n 5 


(10) 



n 0 = 100 - n 6 (1) 



The only problem that remains is the simultaneous solution of Equations 7 and 8. We first rewrite 
each of the two equations in the form /(ft, 6) — 0 by multiplying through by the denominators of 
the left sides and bringing all terms to the left of the equal sign. Equation 7 becomes 

/i(ft,6) = 6(6 + 26) - 3.75(100 - ft - 6)(100 + 6 + 26) = 0 

and from Equation 8 

/ 2 (ft,6) = 6(6 + 26) 2 - 0.135(100 - 6 - 6X100 + 6 + 26) 2 = 0 

These two equations may be solved simultaneously using an equation-solving program or a numer- 
ical procedure like the Newton-Raphson algorithm (Section A.2h). The solution is 6 = 83.06 mol, 
6 = 6.127 mol. Equations 2-5, 9-10, and 1 then yield n x = 10.81 mol, n 2 = 83.06 mol, n 3 = 
6.127 mol, « 4 = 95.32 mol, « 5 = 0.5405 mol, n 6 = 10.27 mol, n 0 = 89.73 mol. 



The final example illustrates the analysis of a multiple-unit process with several internal 
cycles, using both the sequential modular and equation-based approaches. 

EXAMPLE Simulation of an Ammonium Nitrate Plant 2 

Ammonium nitrate, a constituent of many fertilizers, is manufactured in the reaction of ammonia 
and aqueous nitric acid: 

NH 3 (g) + HN0 3 (aq) -* NH 4 N0 3 (aq) 

A labeled flowchart is shown in Figure 10.3-1. The principal features of the process are summarized 
in the paragraphs that follow. 

The nitric acid fed to the process is a 59.5 wt% solution that enters a charge tank at a rate of 10,970 
kg/h. Also fed to the tank are two recycle streams coming from different parts of the process. Both 
of these streams contain ammonium nitrate, and one also contains dissolved ammonia. 



Equipment 
Encyclopedia 

reactor, tank, 
heat exchanger, 
cyclone, 
condenser, 
screener 



2 This example is based on a process description in L. B. Andersen and L. A. Wenzel, Introduction to Chemical 
Engineering, McGraw-Hill, New York, 1961. 
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FINES 
DISSOLVING 
TANK 



m aC]d (kg acid/h) 
10,970 kg/h 



0.595 HN0 3 /kg 
0.405 H 2 0/kg 

6527 kg HN0 3 /h 
4443 kg H 2 0/h 



m 12 (kg NH 4 N0 3 /h)(fines) 



m 12 (kg NH 4 N0 3 /h) 
'"ac.dtkg acid/h) 



ACID 
CHARGE 
TANK 



6527 kg HN0 3 /h 
mj(kg NH 3 /h) 
m 3 (kg H 2 0/h) 
m 3 (kg NH 4 N0 3 /h) 
24°C 



m 10 (kg NH 4 N0 3 /h) 
m 14 (kg NH 3 /h) 
m 15 (kg H 2 0/h) 

AIR 

PREHEATER 



Qh(kW) 



m 0 (kg NH 3 /h) 



108°C, 4.5 bar 



ACID 
HEATER 

149°C 



/n 7 (kg air/h)./ 
m 8 (kg NH 3 /h) 
m 9 (kg H 2 0/h) 
m m (kg NH 4 N0 3 /h) 
233°C 



REACTOR 



m 4 (kg NH 3 /h) 
m 5 (kg NH 4 N0 3 /h) 
m 6 (kg H 2 0/h) 
238°C 




205°C 



CYCLONE 



r.(°o 



m u (kg NH 4 N0 3 /h) 
199°C 



Q r (kW) 



PARTIAL 
CONDENSER 



NITRATE 
COOLING 
BELT 



m 7 (kg air/h) 
m 16 (kg H 2 0/h) 
m 17 (kg NH 3 /h) 



GRINDERS 

AND 
SCREENS 



m 7 (kg air/h) 



FINAL 
CONDENSER 



m 16 (kg H 2 0/h) 
m 17 (kg NH 3 /h) 



m 13 (kg NH 4 N0 3 /h) 



m 7 (kg air/h) 
24°C 



Figure 10.3-1 Flowchart of an ammonium nitrate production process. 



A liquid stream from the charge tank is heated from 24°C to 149°C and fed to the reactor, along 
with a stream of ammonia vapor at 108°C and 4.5 bar. The total ammonia fed to the reactor is 5 % 
in excess of the amount needed to react completely with the nitric acid in the feed. At the reactor 
operating conditions, the ammonium nitrate is formed as liquid droplets and most of the water in 
the acid is vaporized. The reaction goes to completion. 

The reactor effluent — a gas-liquid mixture — leaves the reactor at a temperature of 238°C and 
flows into a cyclone separator. The tangential flow of the mixture generates a centrifugal force on 
the liquid droplets that impels them to the wall. The droplets adhere to and flow down the wall to the 
base of the unit where they are contacted with hot air, which vaporizes essentially all of the water 
and a small amount of the ammonium nitrate, leaving the remaining ammonium nitrate in a molten 
condition. The mass ratio of air to reactor effluent entering the cyclone is 0.045:1. Before entering 
the cyclone, the air is heated from 24°C to 205°C by exchange of heat with the gases leaving the 
cyclone. 

The molten ammonium nitrate stream leaves the separator at 199°C and is air-cooled on a slowly 
moving belt to a temperature at which it all solidifies. The solid ammonium nitrate is then ground 
and screened. All but the smallest particles (the "fines") go through a coating process and then to 
bagging and shipping. The fines, which account for 16.4% of the nitrate fed to the grinding mill, are 
recycled to a tank where they are redissolved in acid and recycled to the charge tank. 

The gas stream leaving the cyclone contains hot air, the excess ammonia, water evaporated from 
the nitric acid solution in the reactor and from the collected liquid in the cyclone, and 3% of the 
ammonium nitrate in the reactor effluent. The stream leaves the separator at 233°C, passes through 
the air preheater, and enters a partial condenser where some of the water and ammonia and essen- 
tially all of the nitrate are condensed. The equilibrium relationship between the compositions of the 
vapor and liquid streams leaving this unit may be expressed in the form 

yH 2 0 = /l(-tH 2 0.-CNH 3 ) 
WHj = /2(*H 2 0> *NH 3 ) 

where y and* denote mass fractions in the gas and liquid phases, respectively. The gas stream leav- 
ing the partial condenser passes to a second condenser, which removes the remaining water and 
ammonia, leaving essentially pure air to be discharged to the atmosphere. 



528 Chapter 10 



Computer- Aided Balance Calculations 



It is desired to calculate the mass flow rates mo, . . . , /n 17 (see Figure 10.3-1), the temperature of the 
gas entering the partial condenser (7 a ), and the heat duties on the acid heater (£>h) and the reactor 

(Gr). 

1. Carry out a degree-of-freedom analysis on the process. 

2. Set up a sequential modular simulation of the process, using the following blocks: 

MIX Mix two or more streams of known composition adiabatically to form a single 
outlet stream. Calculate the component flow rates and temperature of the outlet 
stream. 

REACT Take as input a stream of reactants at a specified temperature and carry the 

reaction to completion at a specified outlet temperature. 
SEPR Separate a feed stream with specified component flow rates into two outlet 

streams. The fractions of each component that go into the first outlet stream are 

specified. 

CONDNS Carry out a partial condensation on a multicomponent feed stream. 

EXCH Exchange heat between two streams. The flow rates of both streams are specified, 

as are the inlet and outlet temperatures of one stream and the inlet temperature 

of the second. 

HEAT Raise or lower the temperature of a stream by a specified amount. 
CONVG Perform a Wegstein search to determine the value of one or more tear stream 
variables. 

CALC Perform a simple calculation of a specified stream variable from input stream 
variable values (a user-written subroutine). 

3. Write a set of equations for all unknown variables; that is. set up the problem in a form suitable 
for solution using an equation-solving algorithm. 



SOLUTION 1. Degree-of-freedom analysis. We will present the analysis with a minimum of comment. Try to 

justify to yourself the given number of relations for each process unit. 

Reactor (Count balances on molecular species.) 

8 variables (mo, ...,m6,Q r ) 

- 4 balances (ammonia, water, nitrate, energy) (We do not include a nitric acid 

balance, since we did not label an outlet flow rate for this species.) 

- 2 additional relations (% excess ammonia, complete conversion) 

+ 1 chemical reaction 

= 3 local degrees of freedom 

Cyclone 

8 variables (m, thn) 

- 3 balances (ammonia, water, ammonium nitrate)(Why not air?) 

- 2 additional relations (air/reactor effluent mass ratio, ammonium nitrate split) 

= 3 local degrees of freedom 

Grinders 

3 variables (rhn, . . ., mn) 

- 1 balance (ammonium nitrate) 

- 1 additional relation(% fines) 

= 1 local degree of freedom 
Preheater 

5 variables (m-j, ... , ih\o, T a ) 

- 1 balance (energy — Why no material balances?) 



= 4 local degrees of freedom 
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Partial Condenser 



9 variables (m 7 , . . . , m w , m u , . . . , m 17 , T a ) 

- 2 balances (ammonia, water) 

- 2 additional relations (equilibrium relations for ammonia and water) 
= 5 local degrees of freedom 

Final Condenser 

3 variables (w 7 ,/n 16 ,/n 17 ) 

- 0 balances (Why?) 

= 3 local degrees of freedom 
Fines Dissolving Tank 

1 variable (m 12 ) (We are ignoring m 3Cid , 
for reasons to be discussed below) 

- 0 balances 

= 1 local degree of freedom 
Acid Charge Tank 

7 variables (m u m 2 , m 3 ,m w , m u , m^, m l5 ) 

- 3 balances (ammonia, water, ammonium nitrate) 
= 4 local degrees of freedom 



Acid Heater 



4 variables (mi,m 2 ,m 3 ,Q b ) 
1 balance (energy) 

3 local degrees of freedom 



Process 



27 local degrees of freedom 
- 27 ties (Referring to Figure 10.3-1, count them.) 
= 0 net degrees of freedom 

The process is therefore well defined. 

In our analysis of the fines dissolving tank, we paid no attention to w add . The reason is that 
from the standpoint of the requested process analysis, the value of this flow rate is both inde- 
terminate and immaterial. Whatever the quantity of acid that flows to the fines dissolving tank 
from the acid charge tank, the same quantity flows back. Since the value of m acid has no bearing 
on any of the other material flows and we have no way of calculating this value from the given 
information about the process, we may as well ignore it when setting up the simulation. 

Sequential modular simulation. Examination of the flowchart of Figure 10.3-1 shows that there 
are two cycles in the process. The first includes the reactor, cyclone, preheater, partial condenser 
acid charge tank, and acid heater, and the second includes the reactor, cyclone, ammonium nitrate 
cooler, grinders, fines dissolving tank, acid charge tank, and acid heater. We can tear both cycles 
at once between the charge tank and the acid heater, between the heater and the reactor or 
between the reactor and the cyclone. The stream between the reactor and the cyclone involves 
three variables (m 4 , m 5 , and m 6 ), one of which may immediately be eliminated by virtue of the 
specified percentage excess of ammonia in the reactor feed. Since no other potential tear stream 
involves fewer variables, we will choose this location as the tear point. 

Figure 10.3-2 shows a block diagram of the simulation. Note the following features of the 
diagram. 
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si 

(hno 3 ) S16 

(/Wl, m-$) 



M2 
MIX 



S14 
(m 12 ) 



S10 
(miQ, ^14, ^15) 



HI 
HEAT 



S17 

ft%2' f 3) 



S10 
(m 10 , m 14 , m 15 ) 



Sll 



I CI 
' CALC1 



M3 
MIX 



S18 

(mQ, ATI J , /7I21 ) 



S2 
(m 0 ) 



S4 
(m 7 ) 









1 


(m y ) 


CD1 


S9 


SP3 




CONDNS 


(m 7 , m 16 , m 17 ) 


SEPR 




S12 








1 



S8 

(m 7 - m 10 , 7" a ) 



S7 

(m 7 -mn9 



(m 16 ,m 17 ) 



S14 

(m 12 ) 



Rl 


S5A 1 CNl ! S5B 


Ml 


S6 




SP1 




SP2 




REACT 


,• • /' CNVG 1 ' 


MIX 


(m 4 - my) 




SEPR 


S13 
(m u ) 


SEPR 


S15 
(m 13 ) 










S3 








C2 




(m 7 ) 












CALC2 















Figure 10.3-2 Block diagram for sequential modular simulation of ammonium nitrate process. 

1. Blocks are not included for the fines dissolver and the ammonium nitrate cooler, since 
both of these units serve simply to pass along a stream of material from one unit to an- 
other. If energy balances on these units were required, we would then include blocks for 
them. 

2. Two calculation blocks are included. In the first (CI), the value of the ammonia fresh feed 
rate (mo) will be calculated from the known value of the nitric acid feed rate, the calculated 
quantity of recycled ammonia (mi), and the specified percentage excess ammonia in the 
reactor feed (5%). In the second block (C2), the flow rate of air (m 7 ) will be calculated 
from the known mass flow rate of the reactor effluent (m 4 + m 5 + thf,) and the specified 
mass ratio of air to reactor effluent (0.045). 

3. The SEPR block must be used to simulate the cyclone. However, since this block only 
accepts a single input stream, the reactor effluent and air feed must first be combined in 
a MIX operation, even though there is no physical mixing stage in the process. 

The simulation would begin with a guess at the tear stream variables (S5B). The subroutine 
calling sequence for the simulation would then be as follows. 

CALL CALC2CC1,S5B,S3) 

Calculates m 7 , hence streams S3, S4, and Sll 

CALL MIX(M1,S5B,S4,S6) 
CALL SEPR(SP1,S6,S7,S13) 

Takes as input the flow rates of air (m 7 ), ammonia (m 4 ), ammonium nitrate (m 5 ), and water 
(ms) entering the cyclone and the known splits of air, ammonia, water, and ammonium nitrate, 
and calculates the component flow rates of streams S7 and S13 (m g , . . . , m u ). 

CALL SEPR(SP2,S13,S14,S15) 

Calculates m 12 and mi 3 from the specified fraction of fines in the grinder product. 
CALL EXCH(E1,S3 ( S4,S7,S8) 

Calculates T a from the known stream flow rates and the three other stream temperatures. 
CALL C0NDS(CD1,S8,S9,S10) 

Calculates m u , ...,ihn from the known flow rates of stream S8 and the equilibrium relations 
for ammonia and water. If the temperatures of S9 and S10 were specified, the subroutine could 
also determine the required heat duty on the condenser. 
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At this point in the calculation, we could call SEPR for unit SP3. However, since this calcula- 
tion has no bearing on the convergence of the iterative cyclic calculations, we may as well hold 
off on it and do it only after the iterative procedure has converged. 

CALL MIX(M2,S1,S10,S14,S16) 

Calculates m x ,m 2 , and m 3 . Notice that in previous flowsheet simulation examples, our MIX block 
could only handle two inlet streams. If that were the case here, we would need two block calls- 
one to mix SI and S14, and the next to mix the product of the first stage with S10. 
CALL CALC1(C1,S16,S2) 

Calculates m 0 from the known value of the nitric acid feed rate, the current value of the am- 
monia recycle rate («,), and the specified value of 5% excess ammonia in the reactor feed. 

We will bypass the call of HEAT for the acid heater at this point, for the same reason we did 
not call SEPR for the final condenser. This calculation is not needed to complete the cycle, and 
so we need only do it after the cyclic calculation has converged. 

CALL MIX(M3,S2,S17,S18) 

Calculates the combined feed to the reactor. 

CALL REACT(R1,S18,S5A) 

Calculates the reactor effluent (S5A) flow rates m 4 ,m 5 , and m 6 and the required heat duty on 
the reactor, Q T . 

CALL C0NVG(CN1,S5A,S5B) 

Compares the estimated (S 5 B) and recalculated (S 5A) values of the tear stream variables. If they 
do not agree within a specified tolerance, the program generates a new set of estimated values 
using the Wegstein algorithm and goes back to the first step [CALL MIX (Ml, ... )] to begin a 
new cycle. If convergence is achieved, the program proceeds to the remaining calculations. 
CALL SEPR(SP3,S9,S11,S12) 

Calculates the flow rates of two of the process product streams. If temperatures of S9, Sll, and 
S12 were specified, an energy balance could be performed on this unit as well. 

CALL HEAT(H1,S16,S17) 

Calculates the required heat duty on the acid heater, Qh- 

3. Equation-based simulation. The system equations are presented below. Verify that each set 
of equations is consistent with the degree-of-freedom analysis for that unit. 
Reactor 

Nitric acid fed (and reacted) = (6527 kg/h)/(63.0 kg/kmol) = 103.6 kmol/h 
- mo + mi 

Excess ammonia: — — = 1.05 X 103.6 kmol/h 

17.0 kg/kmol 

mo + mi = 1849 kg/h (1) 
Water balance: m 2 = ih(, ^2) 
Ammonium nitrate balance: m 5 = 103.6 kmol/h formed (80.0 kg/kmol) 



m 5 = 8288 kg/h 

Ammonia balance: = 1849 kg/h fed - (103.6 kmol/h react)(17.0 kg/kmol) 



m 4 = 88 kg/h 
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Energy balance: Q, = ]T m t H ; - ]T m,-^ + [103.6 kmol HN0 3 /h]A#° 



(3) 



The specified enthalpies of the feed and product components would be calculated in kJ/kg, 
relative to the components at 25°C (liquid nitric acid, gaseous ammonia, and solid ammonium 
nitrate), and the standard heat of reaction would be determined in kJ/kmol. 



Centrifuge 

Air feed: m- — 0.045(^4 + rhs + rhs) 

' m 4 = 88 kg/h, m 5 = 8288 kg/h 

m 7 = 0.045m 6 + 377 kg/h 
Ammonia balance: m% = /n 4 = 88 kg/h 
Water balance: = 

Ammonium nitrate vaporization: m 10 = 0.03m 5 = 249 kg/h 

Ammonium nitrate balance: m n = m 5 - otio = (8288 - 249) kg/h = 8039 kg/h 

Grinders 

Fines: m u = 0.164m u = 1318 kg/h 

Ammonium nitrate balance: m 13 = m n - m 12 = 6721 kg/h 
Air Preheater 



Energy balance: 



(233° C - T.) = m 7 C p7 (2$5°C - 24° C) 



Partial Condenser 

Vh 2 o = m\6/(m 7 + m i6 + ra 17 ) 



vnh 3 

*H 2 0 
- C NH 3 
^HjO 
VNH 3 



m 17 /(m 7 4- m 16 + m 17 ) 

>W('"10 + ™14 + mis) 
™14/ ("IlO + «14 + '"is) 
/l(*H : 0> -*NH 3 ) 
/2(^H : 0. *NH 3 ) 

NH 3 balance: m% = m 14 + m 17 

HiO balance: mq = W15 + mig 

Ac/'d Charge Tank 

NH 3 balance: rhu = wi 

H 2 0 balance: 4443 kg/h + m 15 = m 2 

Ammonium nitrate balance: rhi 0 + /n 12 = m 3 

m 10 = 249 kg/h 



s\m n = 1318 kg/h 
m 3 = 1567 kg/h 



Acid heater 



Energy balance: Qh = 



all species 



(149°C - 24°C) 



(4) 
(5) 



(6) 



(7) 
(8) 
(9) 
(10) 
(U) 
(12) 
(13) 
(14) 

(15) 
(16) 



(17) 



At this point we have 17 equations in 17 unknowns: m 0 , m\, m 2 , m 6 , m 7 , m 9 , /n !4 to m l7 , T a , Q t , 
Qb, and the four mass fractions denned by Equations 7 through 10. The system of equations 
can be solved by an equation-solving program such as E-Z Solve. 
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10.4 COMMERCIAL PROCESS SIMULATION PACKAGES 

A number of programs have been written to simulate steady-state processes using a sequen- 
tial modular approach (some with imbedded simultaneous equation solution capability). At 
the time this text was written, the most frequently used general purpose programs and the 
companies that distributed them were aspen plus® (Aspen Tech), chemcad® (Chemstations), 
hysys® (Hyprotech), design ii® (WinSim), and provision® (Simulation Sciences). Other pro- 
grams have been written specifically for particular process industries, such as the petroleum 
processing and pulp and paper manufacturing industries. 

Besides having provisions for simulating most of the principal types of process equipment, 
the more extensive of these programs have routines that generate physical properties of hun- 
dreds of chemical species, either from built-in data tables or by using estimation formulas. In- 
cluded in the stored data are boiling and melting points, liquid densities, critical constants, heat 
capacities, latent heats, solubilities, and vapor pressures. 

The simulation program is written so that a block subroutine that requires a physical prop- 
erty automatically retrieves the property from the data bank. In addition, it is possible for the 
user to have direct access to the data, and it is not uncommon for a simulation program to be 
used just to generate physical properties of materials without actually carrying out a simulation. 

The design of a process unit to achieve a desired output from a specified input normally 
includes a calculation of the unit size, which is the principal determinant of the installation and 
operating costs of the unit. A number of general estimation formulas have been proposed to 
predict the cost of a specific type of unit from a given size-dependent parameter (e.g.. volume, 
heat transfer area, or power rating of a pump). These formulas have been built into some simu- 
lation programs. The normal procedure for using them is to solve all system material and energy 
balances in the manner we have described and then to call the subroutines that determine the 
sizes and costs of the units. 

Equation-based flowsheet simulators have not reached the level of commercialization of 
their sequential modular counterparts as of the time of this writing, and the development of 
efficient equation-solving algorithms is the subject of much continuing research. 



10.5 FINAL CONSIDERATIONS 

This chapter has introduced computer process simulation— using computers to carry out ma- 
terial and energy balance calculations on processes at steady state. When thinking about the 
chapter material, remember the following points: 

• Whether you do process analysis manually or with a spreadsheet or simulation program, you 
can only determine all unknown process variables associated with a process if the process has 
zero degrees of freedom. It is therefore always a good idea to perform a degree-of-freedom 
analysis before attempting to solve the system equations. 

• If a process has positive degrees of freedom, you must select as many design variables as 
there are degrees of freedom, and then solve the system state equations for the remaining 
(state) variables. Which variables you select as design variables can have a dramatic effect 
on the difficulty of the subsequent calculations. 

• For single-unit processes, it is usually desirable to pick design variables that minimize the 
number of state equations that must be solved simultaneously. For multiple-unit processes, it 
is desirable to pick design variables to minimize the number of cycles on the flowchart. When 
doing calculations for cycles on flowcharts, it is desirable to tear as many cycles as possible 
with the minimum number of tear stream variables. These rules of thumb may not always 
lead to the most efficient calculations and they may contradict one another, however, so that 
finding the best combination of design and tear stream variables may require considerable 
trial-and-error for complex processes. 

• When you first construct a simulation, don't believe any of the initial results it gives you until 
you have checked as many of them as possible with manual calculations. Once the first set 
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of results has been verified, it is probably safe to believe results for additional cases. (There 
are never any absolute guarantees, however.) 

You are advised at this point to go back over the instructional objectives at the beginning of the 
chapter and review the chapter material on any objectives you feel you have not yet mastered. 



PROBLEMS 10.1. Draw and label a flowchart and determine the number of degrees of freedom for each of the given 
systems. Give a feasible set of design variables and, if possible, an infeasible set. The solution to part 
(a) is given as an example. 

(a) An aqueous solution of sulfuric acid at temperature T 0 is diluted with pure water at the same 
temperature in an adiabatic mixer. Calculate the final mixture temperature. 



m t [kg H 2 SQ 4 (aq)l 9 r 0 (°C) 
jtitkg H 2 S0 4 /kg) 



m 2 [kg H 2 0 (I)] @ 7" 0 (°C) 




m 3 (kg) 9 TCC) 
* 3 (kg H 2 S0 4 /kg) 



Equipment 
Encyclopedia 

distillation 
column 



Solution: 7 variables (mi, x u m 2 ,m 3 ,x 3 , T 0 , T) 

- 3 relations (2 material balances and 1 energy balance) 
= 4 degrees of freedom 

One feasible set of design variables (there are others) is 

{m u xi, m 2 , T 0 } 

If you are given values of these variables you can calculate m 3 (total mass balance), x 3 (H 2 S0 4 
balance), and T (energy balance). An infeasible set is 

{mi, m 2 , m 3 , T 0 } 

Once mi and m 2 have been specified, m 3 is fixed by a total material balance and may not be 
independently assigned a value. 

(b) A natural gas containing methane, ethane, and propane at temperature T\ is mixed with pre- 
heated air at temperature T 2 , and the mixture is heated to 200°C. Calculate the required heat 
input. 

(c) A stream containing hexane vapor in nitrogen at temperature T\ is cooled at constant pressure, 
condensing 95% of the hexane. Calculate the product temperature. 

10.2. Benzene (B) and chlorobenzene (C) are being separated in a distillation column. Vapor and liquid 
streams, each containing both species, are fed to one of the trays of the column, and liquid and vapor 
streams are taken off the tray. The tray functions as an ideal stage (see Problem 6.63): the effluent 
streams are in equilibrium at temperature T and pressure P , with compositions related by Raoult's 
law, Equation 6.4-1. 



fli(mol vapor) 



x^mol B/mol) 
n 2 (mol liquid) 



-t 2 (mol B/mol) 



IDEAL 
STAGE 



rt 3 (mol vapor) 



x 3 (mol B/mol) 
n 4 (mol liquid) 



x 4 (mol B/mol) 



Equilibrium at 
T, P 



Calculate the number of degrees of freedom. Then specify sets of design variables for which the 
solution for the remaining state variables would be (a) straightforward, (b) iterative, and (c) impos- 
sible. 

10.3. Barium sulfate is reduced with carbon as part of the manufacture of lithopone, a white pigment: 

2 BaS0 4 (s) + 4 C(s) — 2 BaS(s) + 4 C0 2 (g) 

A mixture of crushed barite (an ore containing x B kg BaS0 4 /kg barite) and coal (containing x c kg 
C/kg coal) at temperature T 0 (K) is fed to a furnace. Essentially all of the barium sulfate in the feed 
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is converted. As part of the furnace design, you must specify for a basis of 100 kg barite ore the 
masses of coal fed and of carbon, barium sulfide, carbon dioxide, and other solids emerging from 
the reactor, as well as the product temperature and required heat input to the furnace. 

(a) Draw and label a flowchart, and calculate the degrees of freedom of the process. 

(b) Outline the solution procedure (i.e., list in order the equations you would write and the variables 
you would determine) if you are given values of .v B , x c , T 0 , the percent excess coal fed, and the 
product temperature. If a solution involves iteration or is impossible, say so. 

(c) Repeat part (b), assuming that the specified variables are .v B , x c , T 0 , the mass of BaS produced, 
and the heat input to the furnace. 

(d) Repeat part (b), assuming that the specified variables are .r B , x c , T 0 , the percent excess coal fed, 
and the heat input to the furnace. 

10.4. Ethyl alcohol can be bacterially oxidized to acetic acid in the following two-step fermentation se- 
quence: 

2 C 2 H 5 OH + 0 2 — 2 CH 3 CHO + 2 H 2 0 

2 CH3CHO + 0 : — 2 CH3COOH 

If the alcohol-containing feedstock is wine, cider, or a malt solution, the resulting solution is vinegar. 

An aqueous solution containing ethyl alcohol in water is fermented to produce dilute acetic acid. 
The feed mixture (the ethanol solution and the bacteria that make the fermentation occur) and air 
are fed at a temperature T 0 . The product solution contains ethanol, acetaldehyde (CH 3 CHO), acetic 
acid, and water. All liquid and gaseous effluents are at temperature T. The variables involved in the 
process are n t (mol feed solution), x e[ (mol ethanol/mol feed solution), « air (mol air fed). P xs (percent 
excess air), n e , n ah , Ai aa , « w (gram-moles of ethanol, acetaldehyde. acetic acid, and water, respectively, 
in the product mixture), n m , n n (gram-moles of oxygen and nitrogen, respectively, emerging from 
the reactor), T 0 , T, and <2(kJ heat transferred). 

(a) Calculate the number of degrees of freedom of the process. How would the answer differ if the 
reactor were adiabatic? 

(b) Outline the solution procedure to determine all unknown variables from given values of n { , ,r ef , 
^xs, n e , n ah , T 0 , and T. 

(c) Specify a set of design variables that would require an iterative solution for the remaining state 
variables. 

(d) Specify an infeasible set of design variables. 

10.5. Propylene is converted to butyraldehyde and n-bulanol in the following reaction sequence: 

C 3 H 6 + CO + H 2 -* C3H7CHO (butyraldehyde) 
C3H7CHO + H 2 -* QHyOH (n-butanol) 

Liquid propylene, gaseous carbon monoxide and hydrogen, and a soluble cobalt catalyst are fed to 
a high-pressure catalytic reactor. The reactor effluent goes to a flash tank, where all of the solution 
constituents are vaporized except the catalyst, which is recycled to the reactor. The reaction products 
are separated from unconsumed reactants in a multiple-unit process, and the product stream, which 
contains both butyraldehyde and n-butanol, is subjected to additional hydrogenation with excess 
hydrogen, converting all of the butyraldehyde to butanol. 




Catalyst 



C 3 H 6 

CO 

H 2 



H 2 
C 4 H 8 0 
C 4 H 9 0H 
Catalyst 



H 2 

C 4 H 8 0 
C.HoOH 



Jh 2 



REACTOR 




FLASH 




SEPARATION 




HYDRO- 




C 3 H 6 

CO 


TANK 


C3 H 6 

CO 


UNITS 


C 4 H a 0 


GENATION 


C 4 H 9 0H 








C 4 H 9 0H 







(A more detailed flowchart is shown on p. 769 of G. T. Austin, Shreve's Chemical Process Industries, 
5th Edition, McGraw-Hill, New York, 1984.) 

(a) Redraw and label the flowchart, including in the labeling the molar flow rates of all stream 
components, the temperatures of each stream, and the heat duties (Q) for each unit. If all of 
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Equipment 
Encyclopedia 

reactor, 
distillation 
column 



a species entering a process unit leaves in a single product stream, use the same variable label 
at the inlet and outlet. Calculate the number of degrees of freedom for each subprocess (the 
reactor, flash tank, separation process, and hydrogenator) and then the number for the entire 
process. (See Example 10.3-1.) 
(b) Why must the catalyst circulation rate be a design variable? 

10.6. Normal butane is catalytically isomerized to isobutane. A fresh feed stream containing pure 
n-butane at temperature Ti(°C) is mixed adiabatically with a recycle stream containing rc-butane 
and isobutane, and the combined stream is fed to the reactor, where some but not all of the rc-butane 
in the feed is converted. The reactor effluent is pumped to a distillation column. The overhead distil- 
lation product contains primarily isobutane and a small amount of rc-butane. The bottoms product, 
which also contains both species, is the stream recycled to the reactor. The streams leaving the 
distillation column are at different temperatures. 

(a) Determine the number of degrees of freedom associated with the feed mixer, the reactor, the 
distillation column, and the entire process. Include all unknown process stream temperatures 
and process unit heat duties in your analysis. 

(b) Suppose a single-pass conversion of 35.0% is attained in the reactor, the overhead distillation 
column product contains 88.5 mole% isobutane, and the recycle stream contains 85.0 mole% 
n-butane. Calculate the overall conversion, the recycle ratio (mol recycle/mol fresh feed), and 
the gram-moles of overhead product produced per 100 mol fresh feed. 

(c) Solve the problem of part (b) again, only this time do it as it might be done by a sequential 
modular simulation of the process. Take a basis of calculation of 100 mol fresh feed and choose 
n r (mol recycle) as the tear stream variable. Begin by assuming n r = 100 mol and go through 
three successive substitution iterations (Appendix A.2). What is the percentage error in the third 
calculated value of n r ? 

(d) Repeat part (c), only perform a Wegstein acceleration step (Appendix A.2) after the first two 
successive substitution iterations. What is the percentage error in the last calculated value of n r ? 

(e) Set up a spreadsheet to do the calculations of parts (c) and (d), using Example 10.2-3 as a model. 
Proceed to convergence. 

10.7. Simulate a module called SPLIT, which takes a feed stream (SF) and splits it into two streams 
(SI and S2), each having the composition and temperature of the feed stream. A fraction XI 
of the feed stream becomes stream SI, and a fraction (1-X1) becomes S2. Up to four components 
may be present in the feed stream, so that each stream has associated with it five attributes: four 
component molar flow rates and the stream temperature. Test your simulation for a feed stream 
flowing at a rate of 150 mol/h at T = 315 K containing 35 mole% /z-octane (A), 57% iso-octane 
(B), and the balance a chemically inert species (C), which is to be split into two streams in a 60:40 
ratio. 

(a) Write a spreadsheet to perform the simulation. Draw a flowchart on the spreadsheet and label 
each stream with the component flow rates and temperature (see Example 10.2-1). Include the 
split ratio (XI) in a separate cell and vary it to show its effect on the component flow rates in 
streams SI and S2. 

(b) Write a computer subprogram to simulate the module (see Example 10.2-1). The arguments of 
the subprogram should be SF, SI, and S2 (each five-membered arrays), Xl, and N, the number 
of components in the feed stream (which may be any number from one to four). Xl, N, and the 
elements of SF are input variables, and the elements of SI and S2 are output variables. Write 
and run a calling program that assigns the test case values to the input variables, calls the module 
subprogram, and prints out the attributes of SI and S2. 

10.8. You have been assigned to simulate a flash evaporator that separates a liquid feed stream containing 
benzene and toluene at temperature 7>(°C) into liquid and vapor product streams in equilibrium at 
temperature T(°C) and pressure P(mm Hg). The compositions of the product streams are related 
by Raoult's law (Equation 6.4-1), and the component vapor pressures are expressed by the Antoine 
equation (Table B.4). 

A spreadsheet that performs the required material and energy balances and vapor-liquid equi- 
librium calculations on this process unit is shown on the next page. In the test case, a 40 moie% 
benzene-60 mole% toluene mixture is fed to the evaporator at 7> = 120°C and a pressure high 
enough to assure that the feed stream remains in the liquid state. The unit operates at T = 100°C 
and P = 800 mm Hg. 
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100 mol/s 



0.40 mol C 6 H s (l)/mol 
0.60 mol C 7 H 8 (l)/mol 
120°C, high P 



44.13 mol vapor product/s 



0.518 mol C 6 H 6 (v)/mol 
0.482 mol C 7 H 8 (v)/mol 

^ 1097.9 (kJ/s) 

55.87 mol liquid product/s 



0.307 mol C 6 H 5 (l)/mol 
0.693 mol C 7 H 8 (l)/mol 



T = 100°C 

P = 800 mm Hg 



References: C 6 H 6 (I, 0°C). C 7 H 8 (I, 0°C) 



Species 


n;„ 




n out 


"out 




C 6 H 6 (I) 


40 


16.56 


17.14 


13.80 


n in mol/s 


C 7 H 8 (I) 


60 


19.80 


38.73 


16.50 


H in kj/mol 


C 6 H 5 (v) 






22.86 


43.67 




C 7 H 3 (v) 






21.27 


50.52 





p B = 1350.491 mm Hg 
p T " = 556.3212 mm Hg 



f B = 0.571 mol C 6 H 6 vaporizea/moie C 5 H 6 fed 
f T = 0.354 mol C 7 H g vaporized/mcie C 7 H g fed 



Q= 1097.9 kJ/s 



The heat capacities of liquid benzene and toluene have been taken to be 0.138 kJ, (mol-0 and 
0.165 kJ/(mol-°C), respectively, and the vapor heat capacities and heats of vaporization of both 
species are those given in Appendix B. 

(a) Derive expressions for the quantities in boldface on the spreadsheet— that is. the flow rates 
and compositions of the liquid and vapor product streams, the vapor pressures of benzene and 
toluene at the evaporator temperature, the fractional vaporizations of benzene and toluene, 
the specific enthalpies of benzene and toluene liquid at 7> and T and of benzene and toluene 
vapor at T (all relative to the liquid species at 0°C), and the required rate of heat transfer to the 
evaporator. 

(b) Create a spreadsheet that replicates the one shown above, entering the formulas derived 
in part (a) and, if possible, imbedding the graphics for the streams and the process uniL 
In the formulas, enter the cell addresses for variables appearing elsewhere on the spread- 
sheet: for example, if a formula involves the mole fraction of benzene in the feed, do not 
enter "0.40" but the cell address of this variable on the spreadsheet. In this way. variables like 
the benzene mole fraction in the feed and the temperature and pressure of the evaporator 
may be changed and the new values of the calculated variables will be instantly detennined- 
When the spreadsheet is complete, use it to determine the bubble-point and dew-point 
temperatures of a 40 mole% benzene-60 mole% toluene mixture at P = 800 mm Hi 
Print out the spreadsheets for T = 100°C and for the bubble-point and dew-point srncer- 
atures. 

(c) Write the code for a subprogram called FLASH to simulate the evaporator. The input variables 
should be the attributes of the feed stream (benzene and toluene flow rates and 7> ). T. P. and 
the physical properties of the feed stream species ( Antoine constants, heat capacity formula co- 
efficients for liquid and vapor, and heats of vaporization). The output variables are the attributes 
of the vapor and liquid product streams and Q. Write and run a calling program that dennes the 
values of the feed stream variables and other input variables (use the test case values I. calls 
the subprogram, and prints out the output variables. The physical properties mav be massed 
to the subprogram either as arguments or through a COMMON or GLOBAL block. 

10.9. You are to simulate a flash evaporator that converts a liquid feed stream fSF) containing \ secies 
at a high pressure to liquid and vapor product streams (St. SV) in equilibrium at temperature J< 5 Q 
and pressure P(mm Hg). The compositions of the liquid and vapor product streams are related by 
Raoult's law (Equation 6.4-1), and the component vapor pressures are expressed bv the Antoine 
equation, Table B.4. 
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(a) Write the system mass and energy balances and equilibrium relations in terms of the following 



variables: 
NF.NL.NV 

XF(I) 

XLCI) 

XV(I) 

TF.T.P 

PV(I) 

A(I) 
B(I) 
CCD 

CP(I) 



HV(I) 
Q 



The molar flow rates (mol/s) of feed, liquid product, and vapor 
product. 

The mole fractions of the ith component in the feed, 
liquid product, and vapor product, where I runs from 
1 to (N - 1). 

Feed temperature, vaporizer temperature, and pressure, respectively. 
Vapor pressures of the N species at temperature T, where I runs 
from 1 to N . 

Antoine equation constants for the N species involved in 

the process (transmitted to the subroutine via a COMMON or GLOBAL 

statement). 

Liquid-phase heat capacities [kJ/(mol-°C)] of the N species 
(transmitted via COMMON or GLOBAL). Assume independent of 
temperature. 

Heats of vaporization (kJ/mol) of the N species (transmitted via 
COMMON or GLOBAL). Assume independent of temperature. 
The required heat input (kW) to the vaporizer. 



Equipment 
Encyclopedia 

condenser 



Show that the system has (N + 3) degrees of freedom, counting as the system variables three 
stream flow rates, 3(N - 1) mole fractions, N vapor pressures, TF, T, P, and Q. Then work out a 
trial-and-error procedure for determining the product stream flow rates and mole fractions and 
Q from specified values of TF, T, P, and the feed stream molar flow rate and component mole 
fractions. 

(b) Write a module subroutine FLASHN to implement the procedure outlined in part (a) for a feed 
stream containing up to seven components. The arguments of the subroutine should be N, SF, SV, 
SL, P, and Q, where SF, SV, and SL are eight-membered arrays. The first N elements of each array 
are the component molar flow rates and the (N + l)st element is the stream temperature. The 
input variables are SL(N + 1) and SV (N + 1) (both of which equal the vaporizer temperature), P, 
and the attributes of SF (N molar flow rates and the feed temperature), and the outlet variables 
are Q and the remaining attributes of SV and SL. 

(c) Test your code for a feed stream containing 34.8 mole% n-pentane, 30.0 mole% n-hexane, and 
the balance n -heptane flowing at a rate of 1.00 mol/s which is to be flashed from 363 K and 
a high pressure to 338 K and 611 mm Hg. The heat capacities of liquid pentane, hexane, 
and heptane [in kJ/(mol-K)] may be taken to be 0.188, 0.216, and 0.213, respectively, and 
the heats of vaporization may be taken to have their values at the normal boiling points of 
these substances. Write and run a calling program that defines the attributes of SF and other 
input parameters (including the heat capacities and heats of vaporization), calls the module 
subroutine, and prints out the attributes of the product streams and the required heat input. 

(d) Use a process simulator to perform the same calculations. 

(e) Use an equation-solving program to perform the same calculations. 

10.10. You are to simulate a partial condenser module that converts a vapor feed stream (SF) containing 
a single condensable species at temperature TF(K) to liquid and vapor product streams (SL, SV) 
in equilibrium at a temperature T(K). The process takes place at a constant pressure P(atm). The 
compositions of the liquid and vapor product streams are related by Raoult's law (Equation 6.4-1), 
and the component vapor pressures are correlated with temperature by the Antoine equation Table 
B.4. 

The system variables are as follows: 



NF.NL.NV 

XF 

XV 

TF.T.P 
PV 

A,B,C 



mol/s of feed, liquid product, and vapor product. 

Mole fractions of the condensable substance in the feed and the vapor 
product. 

Feed temperature (K), condenser temperature (K), and condenser pressure 
(atm), respectively. 

Vapor pressure (mm Hg) of the condensable substance at temperature T. 
Antoine equation constants for the condensable substance. 
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CPL Liquid-phase heat capacity [kJ/(mol-K)] of the condensable substance. 

Assume independent of temperature. 
HV Heat of vaporization (kJ/mol) of the condensable substance. Assume 

independent of temperature. 
CPV f Heat capacities [kJ/(mol-K)J of the condensable vapor and the noncondensable 
CPC [ gas. Assume independent of temperature. 
Q Required heat input (kW) to the condenser. (Q will be negative.) 

(a) Show that the system has five degrees of freedom, counting as the system variables three stream 
flow rates, two mole fractions, one vapor pressure, TF, T, P, and Q. 

(b) The input variables to the module are to be the molar flow rates of the condensable and non- 
condensable feed stream constituents [SF(1) and SF(2)], the feed temperature [SF(3) = TF], 
the operating pressure of the condenser (P), and the fraction YC of the condensable species in 
the feed that is to be condensed. (The heat capacities and heat of vaporization must also be 
supplied.) The output variables are the molar flow rate of the liquid product stream [SL(1)], 
the molar flow rates of the vapor product stream constituents [SV(1) and SV(2)], the operating 
temperature of the condenser [SL(2) = SV(3) = T], and the required heat transfer rate (Q). 
Outline the required calculations. 

(c) Write a spreadsheet to perform the calculations of part (b) for a feed stream flowing at 1.00 
mol/s containing methyl alcohol in air at 60°C and 1 atm with a relative saturation of 85%, from 
which 90% of the methanol is to be removed by partial condensation at constant pressure. The 
heat capacities in kJ/(mol-K) of liquid methanol, methanol vapor, and air may be taken to be 
0.078, 0.050, and 0.030, respectively. After you have generated the solution and recorded the 
output variable values, use the spreadsheet to generate a plot of condenser temperature (T) 
versus fractional methanol removal (YC), and briefly explain why the plot looks the way it does. 

(d) Use an equation-solving program to perform the calculations outlined in part (c). 

(e) Write a computer subprogram CNDNS to implement the procedure of part (b) for the test case 
of part (c). The subroutine arguments should be SF, SV, SL, P, YC, and Q. Input variables are 
YC, P, and the attributes of SF, and output variables are Q and the attributes of SV and SL. The 
values of physical property parameters, A, B, C, CPL, CPV, CPG, and HV should be transmitted to 
the subprogram either as additional arguments or through a COMMON or GLOBAL statement. Then 
write and run a calling program that defines the attributes of SF and other input and physical 
property parameters, calls the subprogram, and prints out the input and output variable values 
for the test case of part (c). 

10.11. You are to simulate a single-phase reactor in which a single reaction takes place. The reaction has 
the general form. 

v x A { + v 2 A 2 + v 3 A 3 + ■■■ + v m A m = 0 

In this equation A, is the zth reactant or product and v, is the stoichiometric coefficient of this species 
(negative for reactants and positive for products). It is also convenient to define v t for each inert 
species in the feed to the reactor, assigning it a value of 0. The inputs to the module are the feed 
stream flow rate, composition, and temperature, the fractional conversion of one of the reactants, 
and the product stream temperature. The module is to calculate the product stream component flow 
rates and the required heat transfer to the reactor. 

The module equations should be written in terms of the following variables: 

N The total number of reactive and inert species present in the feed 

and product streams. 

SF(I) ,1 = 1, . . . , N+l The molar flow rates of the feed stream components (mol/s) and 

the feed stream temperature (K). 
SP(I) ,1 = 1 N+l The molar flow rates of the product stream components (mol/s) 

and the product stream temperature (K). 
NU(I) , I = 1, . . . ,N The stoichiometric coefficients of all species (- for reactants, + 

for products, 0 for inerts). 
X The fractional conversion of one of the reactants. 

IX The number of the reactant for which the fractional conversion is 

specified. 

CP(I) ,1 = 1 N The heat capacities of all species, kJ/(mol-K) (assume constant). 
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HF(I),I = 1 N The standard heats of formation of all species, kJ/mol. 

Q The heat input to the reactor, kW. (If Q is negative, heat must be 

transferred from the reactor.) 

(a) Write the equations you would use to calculate Q and the first N components of SP from specified 
values of all of the other variables defined above. 

(b) Write a spreadsheet to perform the calculations of part (a) for a reactor in which propane flow- 
ing at a rate of 270 standard cubic meters per hour is burned with 20% excess air. The com- 
bined stream enters the reactor at 423 K and the stack gas leaves at 1050 K. Ninety percent of 
the propane fed is converted, and no CO is contained in the stack gas. Take the heat capac- 
ity of each species to be its value at 700 K as calculated from Table B.2 [so that, for example, 
CP(1) = 0.1431 kJ/(mol-K), where (1) refers to propane]. After you have performed the cal- 
culations and recorded the output variable values, use the spreadsheet to generate a plot of Q 
versus stack gas temperature and briefly explain why the plot looks the way it does. 

(c) Use an equation-solving program to perform the calculations outlined in part (b). 

(d) Write a computer subprogram REACTS to implement the procedure of part (a). The subprogram 
arguments should be SF, SP, NU, N, X, IX, and Q. The arrays CP and HF should either be trans- 
mitted as additional arguments or via a COMMON or GLOBAL statement. Write and run a calling 
program that defines the input variables, calls the subprogram, and prints out the required out- 
put variables for the test case of part (b). Number the species involved in the process as follows: 
1— C 3 H 8 , 2— 0 2 , 3— N 2 , 4— C0 2 , 5— H 2 0. For example, NU(1) = -1, NU(2) = -5, SF(1) = 
3.348, SF(3) = 75.54, SF(6) = 423,andSP(6) = 1050. (Verify these values as part of your prob- 
lem solution.) 

10.12. You are to simulate a single-phase adiabatic reactor in which a single gas-phase reaction takes place. 
The reaction has the general form 

viAi + v 2 A 2 + 1/3 A 3 + ••• + v m A m = 0 

In this equation A, is the i th reactant or product and v t is the stoichiometric coefficient of this species; 
Vj is negative for reactants and positive for products. It is also convenient to define v ; for each in- 
ert species in the feed to the reactor, assigning it a value of 0. The inputs to the program are the 
stoichiometric coefficients, feed stream flow rate, composition, and temperature, and the fractional 
conversion of one of the reactants. The program is to calculate the product stream component flow 
rates and temperature. 

The program equations should be written in terms of the following variables: 

N The total number of reactive and inert species present in the 

feed and product streams. 

The molar flow rates of the feed stream components (mol/s) 
and the feed stream temperature (K). 
The molar flow rates of the product stream components 
(mol/s) and the product stream temperature (K). 
The stoichiometric coefficients of all species (- for reactants, 
+ for products, 0 for inerts). 
The fractional conversion of one of the reactants. 
The number of the reactant for which the fractional 
conversion is specified. 

Coefficients of the heat capacity formula C p [kJ/(mol-°C)] = 
a + bT + cT 2 +dT 3 . 

The standard heats of formation of all species in the gaseous 
state, kJ/mol. 

(a) Write the equations you would use to calculate the attributes of SP from specified values of all 
the other listed variables. The last equation you derive should be a fourth-order equation for 
the reactor temperature, 

(AH = )aT 4 + /3T 3 +yT 2 + 8T + e = 0 
where a, 0, y, S, and s involve most of the system variables. 



SFCD.l = 


I,.. 


. ,N+1 


SPCD.l = 


I... 


. ,N+1 


NUCD.l = 


I,.. 


.,N 


X 






IX 






ACPCD.l 


= I,. 


...N 


BCPCD.l 


= I,. 


...N 


CCPCD.l 


= I,. 


...N 


DCPCD.l 


= I,. 


...N 


DHF(I) , 1 


= I.. 


...N 
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(b) Write a spreadsheet to perform the calculations of part (a) for a reactor in which carbon monox- 
ide is oxidized with 25% excess air at 1 atm to form carbon dioxide. The combined feed stream 
enters the reactor at 650°C at a rate of 23.0 kmol/h, and a CO conversion of 45% is obtained. Use 
the goalseek tool to solve the fourth-order energy balance equation. After you have performed 
the calculations and recorded the output variable values, use the spreadsheet to generate a plot 
of product gas temperature versus percentage CO conversion and briefly explain why the plot 
looks the way it does. ' 

(c) Use an equation-solving program to perform the calculations outlined in part (b). 

(d) Write a computer subprogram REACTAD to implement the procedure of part (a). The subprogram 
arguments should be SF, SP, NU, N, X, and IX. The arrays ACP, BCP, CCP, DCP, and DHF should 
either be transmitted as additional arguments or via COMMON or GLOBAL. All arguments but the 
attributes of SP should be considered input variables. Use Newton's rule (Appendix A.2) to 
solve the fourth-order energy balance equation. Write and run a calling program that defines 
the input variables, calls the subprogram, and prints out the required output variables for the test 
case of part (b). Number the species involved in the process as follows: 1— CO, 2— 0 2 3— N 2 
4— C0 2 . For example, NU(1) = -1, NU(2) = -1/2,SF(1) = 1.607, and SF(3) = 3. 777.' (Verify* 
these values as part of your problem solution.) 

10.13. The following two reactions occur in an ethylene oxide production process: 

2C2H4 + 0 2 — 2C 2 H 4 0 

C 2 H 4 + 30 2 — 2C0 2 + 2H 2 0 

A stream containing equimolar amounts of ethylene and oxygen is joined by a recycle stream con- 
taining pure ethylene, and the combined stream is fed to the reactor. The single-pass conversion of 
ethylene in the reactor and the single-pass ethylene oxide yield based on ethylene consumption are 
defined as X sp (mol C 2 H 4 react/ mol C 2 H 4 fed) and 7 sp (mol C 2 H 4 0 formed/mol C 2 H 4 react). The 
reactor effluent goes through a multiple-unit separation process that has three outlet streams. 
The first stream, which is sold, is pure ethylene oxide; the second, which is discarded, contains all 
the carbon dioxide, oxygen, water, and 5% of the unreacted ethylene leaving the reactor; and the 
third stream, which is the recycle stream, contains the remaining unreacted ethylene. 

(a) Taking 100 mol/s fresh feed as a basis of calculation and letting X sp = 0.20 and r sp = 0.90, con- 
struct a spreadsheet to simulate this process, treating the separation process as a single unit. 
Use the recycle stream flow rate as a tear stream variable: that is, assume a recycle flow rate 
entering the recycle-fresh feed mixing point, solve the system balance equations to recalcu- 
late the recycle flow rate at the outlet of the separation process and find the assumed value for 
which the assumed and recalculated values are the same. Determine the overall conversion and 
yield, 

X 0 (mol C 2 H( consumed in process/ mol C 2 H 4 in fresh feed) 
Y 0 (mol C 2 H 4 0 produced in process/ mol C 2 H, in fresh feed) 

and the molar flow rate of the recycle stream. 

(b) For the given fresh feed and single-pass conversion of ethylene, use the spreadsheet to find the 
range of single-pass yields that are physically possible. (A value is not possible if it leads to a 
negative species flow rate at any point in the process.) Note the values of Y 0 and the recycle flow 
rate at the extremes of this range. Then repeat the calculation for a 30% single-pass conversion 
of ethylene. Show your results in a table with the following form: 





^sp Yq 


^rec 


0.2 


( ^min ) 




0.2 


(^max) 




0.3 


( ^min ) 




0.3 







Explain why a species flow rate becomes negative when Y falls below a certain value. 
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(c) Summarize the equations that describe the behavior of this system and use an equation-solving 
program to solve them for the variable values of part (a). 

10.14. You are to write the code for a convergence module that can deal with one to three tear stream 
variables using the Wegstein algorithm, as outlined in Appendix A.2. The object is to determine the 
values of one, two, or three of the variables x 1 ,x 2 , and x 3 that satisfy the relations 

x\ = fi(x u x 2 ,x 3 ) 

X2 = f2(x l ,X 2 ,X 3 ) 
X] = fi(x\, X 2 , X-i) 

where f\, f 2 , and fa may be simple algebraic functions, or they may represent the composite set 
of calculations involved in proceeding around a cycle of unit operations to recalculate tear stream 
variables. The calculation consists of assuming values for the tear stream variables [x ia ,i = 1 , . . . , 3]; 
computing [x ic = y](x la , jc 2 a, -C3 a )-. ' = 1, . . . ,3]; determining whether x ia and x ic are within a speci- 
fied tolerance of each other for each i ; and if they are not, using the Wegstein algorithm to estimate 
the values of x\ a , x 2a , and x^ a to be used in the next iteration. 

The module code should be written in terms of the following variables: 

N Number of tear stream variables (1, 2, or 3). 

XA(I) ,1 = 1, . . . ,N Assumed values of x, (initially guessed, subsequently calculated by the 
Wegstein algorithm). 

XC(I) , I = 1 , . . . , N Recalculated values of x t obtained from the functions f t (or by proceeding 
around a cycle). 

KMAX Maximum number of iterations to be allowed. 

EPS Relative convergence tolerance (see Equation A.2-9). The difference 

between XA(I) and XC(I) divided by the value of XC(I) must be less 

than EPS for convergence to be declared. 
I PR A printout parameter. The code should be written such that if I PR = lthe 

values of x { are printed after each iteration, while if IPR = 0 the printing 

is suppressed. 

(a) Write the code for a module subprogram called CONVG that has as its arguments XA, XC, N, KMAX, 
EPS, and IPR. The values of N, KMAX, EPS, IPR, and the elements of XA are input variables, and 
the final estimated values of x t are to be returned in array XC. The code should execute the 
procedure outline in Section A.2g separately for each of the N variables, up to a maximum of 
KMAX iterations. If this limit is reached and convergence has not been attained, an error message 
should be printed and the program terminated. 

In a real flowchart simulator, the code would be written so that the module could be inserted 
as a block in the flowchart (see, for example, the flowchart block diagram on p. xxx), and the tear 
stream variables XC(I) would then be recalculated from assumed values of XA(I) by proceeding 
around the cycle. To simplify the coding in this problem, however, have the subprogram call a 
function-generating subroutine of the form 

CALL FUNCGEN(N,XA,XC) 

You will need to write Subroutine FUNCGEN to evaluate 

XC(l) = /iLXACD.XAW.XACS)] 

and similarly for XC(2) and XC(3). 

(b) Apply your code to the problem of Example A.2-2. Build in an upper limit of 20 iterations (KMAX 
= 20). 

10.15. Use a commercial flowchart simulation program such as HYSYS or ASPEN to simulate the ammonium 
nitrate manufacturing process described in Example 10.3-3. 



Chapter 




Balances on 
Transient Processes 



A system is said to be in a transient (or unsteady -state) condition if the value of any system 
variable changes with time. Batch and semibatch process systems are always transient: in a 
batch system, if nothing is changing with time then nothing is happening, and in a semibatch 
system (which has an input stream but no output stream or vice versa) at least the mass of 
the system contents must vary with time. Continuous systems are always transient when they 
are started up and shut down, and they become transient at other times due to planned or 
unexpected changes in operating conditions. 1 

The procedures for deriving balances on transient systems are essentially those developed 
in Chapters 4 (material balances) and 7 (energy balances). The main difference is that transient 
balances have nonzero accumulation terms that are derivatives, so that instead of algebraic 
equations the balances are differential equations. 



• Derive material balance equations and provide initial conditions for well-mixed transient 
single-unit processes, and derive energy balance equations and provide initial conditions for 
well-mixed transient single-unit nonreactive processes. 

• Predict transient system behavior by inspecting balance equations. For example, given an 
equation that has the form [dC A / dt = 4 - 2C A , C A (0) = 0], sketch the expected plot of C A 
versus t without integrating the equation. 

• Obtain analytical solutions to problems that involve single separable first-order differential 
balance equations. 

• Derive balance equations for systems that involve several dependent variables [e.g., yi = 
C\{t), y 2 = C B (t),yj = T(t)] and express the equations in a form suitable for solution using 
equation-solving software {dyj dt = fi{y\,y 2 ,. . . ,y n ,t),i = 1,2, . . . ,n]. 



'In reality, the concept of a true steady state is fiction, since there are always process variable fluctuations in real 
systems. When you assume steady-state operation, you are assuming that these fluctuations are small enough to 
be neglected without causing serious errors in calculated values. 



11.0 INSTRUCTIONAL OBJECTIVES 



After completing this chapter, you should be able to do the following: 
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11.1 THE GENERAL BALANCE EQUATION . . . AGAIN 

In Section 4.2, the general balance equation (4.2-1) was given as 

accumulation = input + generation - output - consumption 

Two forms of this equation were discussed: differential balances, which relate instantaneous 
rates of change at a moment in time, and integral balances, which relate changes that occur 
over a finite time period. We examine in this section the nature of the relationship between 
these two types of balances; in doing so, we belatedly show why they are called differential and 
integral. 



11.1a Differential Balances 

Suppose a species A is involved in a process. Let mi n (kg/s) and m out (kg/s) be the rates at which 
A enters and leaves the process by crossing the boundaries, and let r gen (kg/s) and r CO ns(kg/s) 
be the rates of generation and consumption of A within the system by chemical reaction. Any 
or all of the variables rh- m , m out , r gen , and r cons may vary with time. 

Let us now write a balance on A for a period of time from t to t + Ar, supposing that Ar is 
small enough for the quantities m m , m ou t, ^gen, and r con s to be considered constant. (Since we 
will eventually let Ar approach 0, this assumption is not restrictive.) The terms of a balance on 
A are easily calculated. 

input(kg) = m in (kg/s) Ar(s) 

output = m 0Ut Ar 

generation = r ge nAr 

consumption = r coris Ar 

We also suppose that the mass of A in the system changes by an amount AM(kg) during this 
small time interval. By definition, AM is the accumulation of A in the system. From the balance 
equation, (4.2-1), 

AM = (m m + r gen " ^out ~ '"cons) Ar (11.1-1) 

If now we divide by Ar and then let Ar approach 0, the ratio AM/ Ar becomes the derivative of 
M with respect to t (dM/dt), and the balance equation becomes 



dM _ 

— m \a + r gen '"out 



(11.1-2) 



This is the general differential balance equation: M is the amount of the balanced quantity in 
the system, and the four terms on the right side are rates that may vary with time. 

If Equation 11.1-2 is applied to a continuous system at steady state, the quantity M must 
be a constant, its time derivative therefore equals zero, and the equation reduces to the familiar 
equation introduced in Chapter 4: 

input + generation = output + consumption 

However, as long as any term varies with time, the derivative on the left side of Equation 11.1-2 
remains part of the equation. We thus conclude that the balance equation for an unsteady -state 
system at an instant of time is a differential equation (hence the term differential balance). 

Equation 11.1-2 is an ordinary first-order differential equation. Before it can be solved to 
yield an expression for M(r), a boundary condition must be provided — a specified value of the 
dependent variable (M) at some value of the independent variable (r). Frequently, the value of 
M at time r = 0 (an "initial condition") is specified. The complete balance equation would be 
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Equation 11.1-2 followed by 



or simply 



t = 0, M = . 
Af (0) 



When you analyze a transient system, your analysis is not complete unless every differen- 
tial equation you derive is accompanied by a boundary condition similar to one of those just 
given. 



EXAMPLE Differential Balances on a Chemical Reactor 



Equipment 
Encyclopedia 

reactors-CSTR 



A continuous stirred-tank reactor is used to produce a compound R in the liquid-phase reaction 
A - R. Feed enters the reactor at a rate of i» 0 (L/s); the concentration of the reactant in the feed 
is C A0 (mol A/L). The volume of the tank contents is V(L). The vessel may be considered perfectly 
mixed, so that the concentration of A in the product stream equals that in the tank. For this process 
the rate of consumption of A equals «7 A [mol/(s-L of reaction volume)]. All fluids (the feed, the 
tank contents, and the product) may be taken to have the same density, p(g/L). 

Write differential balances on total mass and on moles of A, expressing the balances in terms of 
the variables shown on the following diagram: 



v 0 (Us) 
p(g/L) 

C A0 (mol A/L) 




SOLUTION 



Basis: Given Quantities 

Total Mass Balance (generation = 0, consumption = 0) 
accumulation = input - output 
Mass in reactor: M(g) = V(L)p(g/L) 



accumulation (g/s) 



ciM 
If 



dt 



dV 

p — (since p is constant) 
at 



input (g/s) = i>o(L/s)p(g/L) 
output (g/s) = i>(L/s)p(g/L) 



dV 

p Tt 



up 
cancel p 



dV/ dt = v 0 - b 

t = 0, V = V 0 



where V Q is the initial volume of the tank contents. 
Question: lfv 0 = v, what does the mass balance tell you? 
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Balance on A 



accumulation = input — output — consumption 
Moles of A in the reactor = V(L)C A (mol/L) 



i 



accumulation (mol A/s) = 



d(VC A ) 
dt 



input (mol A/s) = i^(L/s)C A o(mol A/L) 
output (mol A/s) = v (L/s)C A (mol A/L) 
consumption (mol A/s) = kC A [mol A/(s • L)]V(L) 



I 



d(VC A ) 



dt 



voC AO - vC A - kC A V 



t = 0, C A = C A (0) 



where C A (0) is the concentration of A in the initial tank contents. How you would proceed to solve 
this equation for the output concentration C A (r) depends on how the quantities vq, v, and C A o vary 
with time. 



11.1b Integral Balances 

Let us reconsider the form of the differential balance given in Equation 11.1-3. 

dM 



— m\ n + Tg en Wl ou t ''cons 

The equation may be rewritten as 

dM = m; n dt + r gen dt - m out dt - r cons 
and integrated from an initial time to to a later time ff, to obtain 



(11.1-3) 



dt 





-ff 


■t{ 


•ff 


f m m dt + 


r gen dt - 


wiout dt - 


T cons d t 




to J 




to 



This is the integral balance equation. The left side is the accumulation of the balanced 
quantity in the system between to and ff . The term [m m dt) is the amount of the balanced quan- 
tity that enters the system in the infinitesimal interval from t to t + dt, so that the integral 

•ff 

m m dt 

J t 0 

is the total amount that enters between ? 0 and tf . Similar reasoning can be applied to the other 
terms, leading to the conclusion that Equation 11.1-4 is simply another statement of the general 
balance equation 

accumulation = input + generation - output - consumption (11.1-5) 

only now each term represents an amount of the balanced quantity rather than a rate. For a 
closed (batch) system, if the balanced quantity is mass (as opposed to energy), w in = m out = 0, 
and the equation may be written 



initial 



+ 



r generation dt — Mfl na i + 



^consumption d t 
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or 



initial input + generation = final output + consumption 
This is the form of the integral balance equation given in Chapter 4 for a closed system. 

The procedure to follow when writing a balance on a transient system is to derive the differ- 
ential balance equation, integrate it between initial and final times, and solve for the unknown 
quantity in the resulting equation. 



EXAMPLE 11.1-2 Water Balance on a City Reservoir 



The water level in a municipal reservoir has been decreasing steadily during a dry spell, and there 
is concern that the drought could continue for another 60 days. The local water company estimates 
that the consumption rate in the city is approximately 10 7 L/day. The State Conservation Service 
estimates that rainfall and stream drainage into the reservoir coupled with evaporation from the 
reservoir should yield a net water input rate of 10" exp( - t 100) L/day, where t is the time in davs from 
the beginning of the drought, at which time the reservoir contained an estimated 10 9 liters of water. 

1. Write a differential balance on the water in the reservoir. 

2. Integrate the balance to calculate the reservoir volume at the end of the 60 days of continued 
drought. 



SOLUTION 



1. We will write a balance on the mass M(kg) of water in the reservoir, but will express the 
equation in terms of volumes to make use of the given data, using the relationship A/(kg) = 
p(kg/L)V(L). The differential balance equation is as follows: 



dM 
~dt 



+ rg en ftl 0 M '"cons 



(each term in kg/day) 



dM d dV 
— = -( P V) = p(kg/L) — (L/day) 



(since p is constant) 

m in = p(kg/L)[10V 100 (L/day)] 
m out = p(kg/L)(10 7 L/day) 

'gen '"cons - 0 (water is not produced or consumed in the reservoir) 
.Cancel p 



dV{t) 
dt 



10 6 exp(-f/l00) - 10 7 
t = 0, V = 10 9 L 



2. We now separate variables and integrate the differential balance equation from t = 0 to 
/ = 60 days. 

• V(60) r 60 d 

dV = I [10 6 exp(-r/l00) - 10 7 ] dt 



V(0) 



V(60 days) - V(0) = 



60 d 



ioV" m 



dt 



60 d 



10 7 dt 



Jjv(0) = 10'' liters 



V(60days) = 10 9 - 10 6 (10 2 V-' 100 



60 d 



i60 d 



- 10'f 



= 4.45 X 10* L | {verify ) 
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TEST 

YOURSELF 
(Answers, p. 662) 



A liquid, A, is poured at a rate of 10 kg/h into a tank containing a second liquid, B. The two 
substances react and A is consumed, but at a lower rate than that at which it is added. Liquid 
is withdrawn from the reaction vessel at a rate of 10 kg/h. 

1. Which terms of the general balance equation 

accumulation = input + generation - output - consumption 
do not equal zero in each of the following balances on the reaction vessel? 
(a) Total mass. (b) Moles of A. (c) Moles of B. 

2. Write a differential mass balance on the system, letting m(t) be the total mass ot the system 
contents. 



11.2 MATERIAL BALANCES 

11.2a Total Mass Balances 

A total mass balance necessarily has the form [accumulation = input - output], since mass 
can neither be generated nor consumed. 2 The accumulation term is always dM/dt, where M(t) 
is the mass of the svstem contents. Once you have determined M{t) by solving the differential 
balance equation, you may have to verify that the mathematical solution remains within the 
bounds of physical reality— that it does not become negative, for example, or that it does not 
exceed the total capacity of the system. 



EXAMPLE 11.2-1 Mass Balance on a Water Storage Tank 



A 12 5-m 3 tank is being filled with water at a rate of 0.050 m 3 /s. At a moment when the tank contains 
1 20 m 3 of water, a bottom leak develops and gets progressively worse with time. The rate of leakage 
can be approximated as 0.0025f (m 3 /s), where r(s) is the time from the moment the leak begins. 



Water 



0.50 m 3 /s 



Wm 3 ) 



12.5 m 3 



t= 0, V- 1.2 m 3 



Water 



(0.0025r) m 3 /s 



SOLUTION 



1 Write a mass balance on the tank and use it to obtain an expression for dV/dt, where V is 
the volume of water in the tank at any time. Provide an initial condition for the differential 
equation. 

2. Solve the balance equation to obtain an expression for V(t) and draw a plot of V versus t. 

1. The total mass of the tank contents is iW(kg) = p(kg/m 3 )V(m 3 ), where p = 1000 kg/m 3 is the 
density of liquid water. Then 

d(pV) dV 
accumulation (kg/s) = ■ ^ = p — 

(The second step follows from the fact that the density of the liquid water in the tank is inde- 
pendent of time and so may be taken out of the derivative.) 

input (kg/s) - p(kg/m 3 )(0.05 m 3 /s) = 0.05p 
output (kg/s) = p(kg/m 3 )[0.0025r (m 3 /s)] = 0.0025pf 



2 We are excluding nuclear reactions from consideration. 
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Substituting these terms into the water balance equation (accumulation = input - outout} and 
canceling p yields the differential equation ' 




Verify that each term in the equation (including aV at) has units of m 3 /s 
2. To solve the equation, we separate variables (bring dt to the right-hand side) and integrate 
from the initial condition (t = 0, V = 1.2 m 3 ) to an arbitrary time. r. and corresponding vol- 
ume, V. s 

dV(rr?) = (0.050 - 0.0025/) df => f dV = ("'(0.050 - QM25t)dt 

J 1.2 m 3 Jo 

V \L^ = (o.050r- 0.0025^ 

=> V(m 3 ) = 1.2 + 0.050r - 0.00125r 

Check 1: When / = 0, V = 1.2 m 3 (confirming the given initial condition). 

Check2:dV/dt = 0.050 - 0.0025r [differentiating V(t) yields the original equation foriV dt]. 

A plot of the derived expression for V(t) is as follows: 




Initially, the filling causes the volume of the tank contents to increase, but as the leak «ea 
larger the tank begins to drain. The maximum volume is 1.7 m : \ well below the tank capadtv 
of 12.5 m . At about t = 57 s the contents drain completely. The mathematical formula for 
V predicts negative volumes after this time, but physically the volume must remain at zero 
(the liquid discharges as fast as it is poured in). The actual solution of the balance equation is 
therefore 



V(m 3 ) = 1.2 + 0.050f - 0.00 125f 2 
= 0 



0 < t < 57 s 
f > 57 s 



The plot shown above should be changed in the range t > 57 s to a line coincident with the 
t axis. 
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11.2b A Brief Look Back at Calculus 



As you will see, balances on transient systems often lead to differential equations that look like 
this: 

J(VCa) = 1.50 mol/s - (s _1 )0.200VC A (11.2-1) 
dt 

C A (0) = 2.00 mol/L 

In this equation, 1.50 mol/s would be the sum of the input and generation terms in the bal- 
ance on species A and 0.200Ca would be the sum of the output and consumption terms. The 
goal would be to solve the differential balance to determine the concentration Ca (mol/L) as a 
function of time t (s), either as an analytical function or in the form of a table or plot. 

This section reviews some calculus rules and procedures for solving differential equations 
like Equation 1 1.2-1. In what follows, x is an independent variable, y(x) is a dependent variable, 
and a is a constant. 

Rule 1: Derivative of a constant times a function 

— — = a — (11.2-2) 

dx ax 

If the system volume in Equation 11.2-1 is constant, the equation would become 

V — = 1.50 mol/s - 0.200VC A 
dt 

We will shortly review how to solve this equation. 

Rule 2: Product rule for differentiation 

%^ = n ^L + ^ (11 . 2 .3) 
dx dx dx 

If the system volume in Equation 11.2-1 changes with time (e.g., because the tank is being filled 
or discharged, or the reactor is a cylinder with a moving piston), the product rule yields 

d(VC A ) dC A dV 
v , A) = V — - + C A — = 1.50 mol/s - 0.200C A 
dt dt dt 

or ^ = I [1.50 mol/s - 0.200C A ] - ^ 

If V is constant, this equation reduces to the one given following Rule 1 (convince yourself). 
To solve for C A (0> y° u would have to obtain an independent expression for dV/dt and solve 
both equations simultaneously. We will discuss problems of this type in Section 11.5. 

Rule 3: Solution of separable first-order differential equations 

The general form of a first-order differential equation is 

£ - 

Consider a specific example: 

dy , 
Tx =3xy 

Novice calculus students are often tempted to solve this equation by doing something like 

y = (3xy)dx 
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which is correct but useless, since you cannot evaluate that integral without first substituting 
for y(x), the function you are trying to determine. 

A separable first-order differential equation is one that can be written in the form 



dy 



= Mx)My) 



dx 

x = 0, y = y(0) 

The procedure for solving a separable equation is to bring all terms involving y (including dy) 
to one side of the equation and all terms involving x (including dx) to the other side, and then 
to integrate each side over its respective variable from the initial value [0 for x , y(0) for y ] to 
an arbitrary value: 

ry rx 



d y r i \ f t \ s e P arate d y 



fl(x)dx 



integrate 



y(0) My) 



o Mx)dX (11.2-4) 



x = 0, y = y(0) 

Each integral involves a function of only the variable of integration (y on the left, x on the 
right), and so both integrals can be evaluated to obtain an expression relating x and y . 
Reconsider Equation 11.2-1 once more, letting the system volume V equal 1.00 liter. 

dC A 



dt 



= 1.50 mol/s - (0.200 L/s)C A 



t = 0, C A 
separate 



2.00 mol/L 

dC A 
1.50 - 0.200C A 
1 



= dt 



integrate 



dCfi 



2.00 1-50 - 0.200C A 



dt 



o 



0.200 

1.50 - 0.200C A 
1.10 



In (1.50 - 0.200C A ) 



2.00 



, / 1.50-0.200C A \ 
1.50-0.400 j 



-0.200? 



-0.200f 



1 



C A (mol/L) = ^(l-SO - 1.10* 



-0.200f(s) 



Try to follow each step of this procedure. It will be used to solve almost every balance equation 
in the remainder of this chapter. 



TEST 

YOURSELF 
(Answers, p. 662) 



Separate variables for each of the following equations to obtain integrals of the form of Equa- 
tion 11.2-4. Then proceed as far as you can to obtain expressions for y(t). 

1. (dy/dt) = 2-t, y(0) = 1. 

2. (dy/dt) = 2 - y, y(0) - 1. 

3. (dy/dt) = (2 - 0(2 - y), y(0) = 1. 



11.2c Balances on Single Well-Mixed Process Units 

Here is the general procedure for writing and solving a transient material balance equation: 

1. Eliminate terms in the general balance equation that equal zero (input and output for batch 
svstems, generation and consumption for balances on total mass and nonreactive species). 

2. Write an expression for the total amount of the balanced species in the system 
[V(m 3 )p(kg/m 3 ) for total mass, V(m 3 )C A (mol A/m 3 ) or M tota i(mol)x A (mol A/mol) for 
species A]. Differentiate the expression with respect to time to obtain the accumulation 
term in the balance equation. 

3. Substitute system variables into the remaining terms (input, generation, output, consump- 
tion) in the balance equation. Make sure that all terms have the same units (kg/s, lb-mole/h, 
etc.). 
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4. If y(t) is the dependent variable to be determined (e.g., the mass of the system contents, 
the concentration of species A, the mole fraction of methane), rewrite the equation to 
obtain an explicit expression for dyj dt. Supply a boundary condition — the value of the 
dependent variable at a specified time (usually r = 0). This condition may be expressed 
as [t = 0, y = yo] or simply [y(0) = yo], where y 0 is a number. 

5. Solve the equation — analytically if possible, otherwise numerically. In the processes to be 
analyzed in this chapter, you will generally be able to use separation of variables to obtain 
the solution analytically. 

6. Check the solution. You can do so using any (and preferably all) of these methods: 

(a) Substitute t = 0 and verify that the known initial condition [y(0) = yo] is obtained. 

(b) Find the long-time asymptotic (steady-state) value of the dependent variable by set- 
ting dyj dt equal to 0 in the original balance equation and solving the resulting alge- 
braic equation for y ss , and then verify that if you let t °° in your solution, y -* y ss . 
(The equation may not have a steady-state solution, in which case this method will 
not work.) 

(c) Differentiate your solution to obtain an expression for dy/dt, substitute for y and 
dy/dt in the original differential equation, and verify that the equation is satisfied. 

7. Use your solution to generate a plot or table ofy versus t. 

The next example illustrates this procedure. 



EXAMPLE 11.2-2 Transient Behavior of a Stirred-Tank Reactor 



Equipment 
Encyclopedia 

reactor-CSTR 



A liquid-phase reaction with stoichiometry A-*B takes place in a continuous well-mixed 10.0-liter 
stirred-tank reactor. A schematic diagram of the process is shown below. 



1.150 Us 



10.0 mol A/L 



V= 10 L 



1.150 L/s 



C A (mol A/L) 
A — *■ B, rate = 0.0050C A [mol A react/(L-s)] 



SOLUTION 



The reactor may be considered perfectly mixed, so that the contents are uniform and the concentra- 
tion of A in the product stream equals that inside the tank. The tank is initially filled with a solution 
that contains 2.00 mol A/L, and the inlet and outlet flows then begin. 

1. Write a balance on species A in the tank and provide an initial condition. 

2. Calculate C A s, the steady-state concentration of A in the tank (the value approached as t — * <X3 )- 

3. Sketch the shape expected for a plot of Ca versus t. 

4. Solve the balance equation for C A (t), check the solution, and draw the actual plot of Ca versus t. 

Compare what follows with the general procedure given prior to this example. 

1. The total moles of A in the reactor at any time equals (10.0 L)[C A (mol/L)] = 10.0C A (mol A). 



Therefore, 
Accumulation: 

Input: 

Output: 

Generation: 



d(10.0C A ) 



10.0 



dC A I mol A 



dt dt 
(0.150 L/s)(10.0 mol A/L) = 1.50 mol A/s 
(0.150 L/s)[C A (mol A/L)] = 0.150C A (mol A/s) 
0 mol A/s (A is not a reaction product) 



Consumption: (10.0 L)[0.0050C A (mol A/(L s))] = 0.050C A (mol A/s) 
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These terms are substituted into the balance equation on A (accumulation = input - out- 
put - consumption), which is then divided through by 10.0 to obtain an expression for 

dC ' ■'• - " • - 

is 



A/ 



dt. The result along with the initial condition for the equation [C A (0) = 2.00 mol A/L] 



dC A 
dt 



0.150 mol A/s - (0.0200 L/s)Q 



t = o, C A 



2.00 mol A/L 



2. At steady state nothing varies with time, so that the derivative of C A (and of every other system 
variable) with respect to time must equal zero. Setting dC A /dt = 0 in the balance equation and 
letting C A = C AS (steady state) in the resulting equation yields 



0 = 0.150 mol/s - 0.0200C AS 



C AS = 7.50 mol A/L 



If C AS had not had an asymptotic (steady-state) limit, the equation would not have had a finite 
solution. 

We can now deduce quite a lot about the plot of C A versus t, even though we have not yet 
solved the differential balance equation. We know a point at t = 0 (the initial condition) and 
the asymptotic value as t — °° (the steady-state solution), and we also have an expression 
for the slope of the plot at any time (dCjdt) as a function of the concentration (slope = 
0.150 - 0.0200C A ). Let us summarize what we can deduce. 



• The plot originates at (r = 0, C A = 2.00 mol/L). 

• Atr = 0, the slope of the plot is [0. 150-0. 0200](2. 00 mol/s) = 0.110 mol/s. Since it is positive, 



C A must increase as t increases. 
• As t continues to increase and C A also increases, the slope of the curve (0.150 
gets progressively less positive. The curve must therefore be concave down. 



0.0200C A ) 



• At long times, the plot asymptotes to C A = 7.50 mol/L. 
Combining all these observations leads to the following sketch: 




4. We may now solve the differential balance to determine the values of C A at specific values of 
t or vice versa. Reconsider the equation 

— f- = 0.150 - 0.0200C A 



r = 0, C A = 2.00 
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Separating variables and integrating as in Equation 11.2-4 yields 



dC A 



r c A 



0.150 - 0.0200C A 
1 



dt 



dC A 



■ oo 0.150 - 0.0200C A 



dt = t 



-\C A 



0.0200 

0.150 - 0.0200C A 
0.110 



ln(0.150 - 0.0200C A ) 



= t 



In 



Jioo 



0.150 - 0.0200Ca 
0.150 - 0.0200(2.00) 



-0.0200/ 



-0.0200( 



C A (mol/L) = 7.50 - 5.50e 



-0.0200f 



(Verify each step.) 

Whenever you obtain the solution of a differential equation, you should check it as many ways 
as you can. In this case, we have three ways: 

Check 1: Substitute t = 0 into the solution => C A (0) = 2.00 mol/L (the correct initial 
value). 

Check 2: Substitute t -> « into the solution to obtain C A (=°) = 7.50 mol/L (the previously 

determined steady-state value). 
Check 3: Differentiate the equation to obtain an expression for dC\ jdt, and then substitute 

for both dCjdt and C A (t) in the original equation [dC A /'dt = 1.50 - 0.200C A ] to show that 

the solution satisfies the equation. 

Verify that the derived solution satisfies each of these conditions. 
A plot of the solution matches the form of the plot previously sketched. 




11.3 ENERGY BALANCES ON SINGLE-PHASE 
NONREACTIVE PROCESSES 

The general energy balance has the form 

accumulation = input - output (11.3-1) 

since energy can neither be generated nor consumed. 

Suppose £ S ysM is the total energy (internal + kinetic + potential) of a system, and m SD 
and m 0 ut are the mass flow rates of the system input and output streams. (If the system is 
closed, these quantities each equal zero.) Proceeding as in the development of the transient 
mass balance equation, we apply the general energy balance equation (11.3-1) to the system in a 
small time interval from t to t + Af, during which time the properties of the input and output 
streams remain approximately constant. The terms of the equation are as follows (see Sec- 
tion 7.4): 

accumulation = A£ sys = At/ sys + A£k >sys + AE PjSys 
input = m in |#i n + y + 9Zin j Af + 2 A ' 

output = m ou t (#out + + 0Zout J Ar + W s A/ 
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where the quantities in parentheses are the specific enthalpies, kinetic energies, and potential 
energies of the input and output streams, and Q and W s are the rates of transfer of heat and 
shaft work. (See Section 7.4c.) Any or all of the variables m, H,u,z, Q, and W s may vary with 
time. 

If we now substitute the given expressions for accumulation, input, and output into Equa- 
tion 11.3-1, divide by At, and let At approach zero, we obtain the general differential energy 
balance: 



+ : + —~ = Win #in + + 9Z\ 



in 

dt ' dt 1 dt " ,,n r jin r t " ' 



- m oul \H out + -m + g Zout j+ Q-W s (11.3-2) 
If there are several input and output streams, a term of the form 

must be included in Equation 11.3-2 for each stream. 

It is quite difficult to solve Equation 11.3-2 unless a number of simplifications are made. 
We will restrict our consideration to systems that satisfy the following conditions: 

1. The system has at most a single input stream and a single output stream, each with the 
same mass flow rate. 

^in = w out = m (11.3-3) 

A consequence of this assumption is that the mass of the system contents does not change 
with time. 

2. Kinetic and potential energy changes in the system and between the inlet and outlet 
streams are negligible. 



<^k,sys dEp S y S ^ 
dt dt 


(11.3-4) 




(11.3-5) 


™(gzm - gzom) * 0 


(11.3-6) 



Under these conditions, Equation 11.3-2 simplifies to 

dU sys „ . . 

-Jf- = "(Win " »cm) + Q-W, (11.3-7) 

If the equation is applied to a closed system, m = 0, and the rate of transfer of energy as 
shaft work, W s , must be replaced by the total rate of energy transfer as work, W. 

Equation 11.3-7 is simple in appearance, but its solution is still generally difficult to 
obtain. If, for example, the composition or temperature of the system contents varies with 
position in the system, it is difficult to express the total internal energy U sys in terms of 
measurable quantities, and a similar problem occurs if phase changes or chemical reac- 
tions take place in the course of the process. To illustrate the solution of energy balance 
problems without becoming too involved in the thermodynamic complexities, we will im- 
pose the additional restrictions that follow. 
3. The temperature and composition of the system contents do not vary with position within 
the system (i.e., the system is perfectly mixed). In consequence, the outlet stream and the 
system contents must be at the same temperature, or 

T oM = 7\vs = T (11.3-8) 
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4. No phase changes or chemical reactions take place within the system; 0 and H are inde- 
pendent of pressure; and the mean heat capacities C v and C p of the system contents (and 
of the inlet and outlet streams) are independent of composition and temperature, and 
hence unchanging with time. Then if T T is a reference temperature at which H is defined 
to be zero and M is the mass (or number of moles) of the system contents, 

U sys = MU sys = M[U(T T ) + C V (T- 7»] 
M, 0(T r ), and C„ are constant 
dT 



= MC V — 
dt dt 

H\ n = Cp(T in - T r ) 

#out = C p (T 0U t ~~ T T ) 



(11.3-9) 
(11.3-10) 



Equation 11.3-8 

Hout = C P (T - T t ) (11.3-11) 

Finally, we may substitute the expressions of Equations 11.3-3 through 11.3-11 into the general 
energy balance (Equation 11.3-2) to obtain for an open system 



Open System: 



MC V 



It 



mC p (T m -T) + Q-W s 



(11.3-12) 



(Verify this result for yourself.) For a closed system, the equation is 
Closed System: 



dT 

MC V — = Q-W 
dt 



(11.3-13) 



To summarize, the conditions under which Equations 11.3-12 and 11.3-13 are valid are: 
(a) negligible kinetic and potential energy changes, (b) no accumulation of mass in the system, 
(c) pressure independence of U and H, (d) no phase changes or chemical reactions, and (e) a 
spatially uniform system temperature. Any or all of the variables T, T m , Q and W s (or W) may 
vary with time, but the system mass, M , the mass throughput rate, m, and the heat capacities, 
C v and C p , must be constants. 

The following example illustrates the derivation and solution of an energy balance on a 
closed system that satisfies these restrictions. 



EXAMPLE U.3-M Startup of a Batch Reactor 



Equipment 
Encyclopedia 

reactor-batch 



A well-stirred batch reactor wrapped in an electrical heating mantle is charged with a liquid reaction 
mixture. The reactants must be heated from an initial temperature of 25°C to 250°C before the re- 
action can take place at a measurable rate. Use the data given below to determine the time required 
for this heating to take place. 



Reactants : 



Reactor: 



Heating rate : 



Mass = 1.50 kg 

C, = 0.900 cal/(g-°C) 

Mass = 3.00 kg 

C v = 0.120 cal/(g-°C) 

Q = 500.0 W 



Negligible reaction and no phase changes during heating. 
Negligible energy added to the system by the stirrer. 
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SOLUTION We first note that the conditions of validity of the simplified closed system energy balance equa- 

tion, Equation 11.3-13, are all satisfied (verify); moreover, since the system has constant volume 
and the energy input due to the stirrer is presumed negligible, W * 0. The equation therefore 
becomes 

MC V d -t- = Q 
at 

t = 0, 7\ y5 = 25°C 

The task is now to integrate this equation from the initial state of the system (t = 0, T = 25 3 C) 
to the final state (r = t c ,T = 250°C), and to solve the integrated equation for the heatine time t t . 
Rearranging the equation, 

MC v dT = Qdt 

j| Integrate 



250° c 

MC v dT = 

25° C 



'f 



Qdt 



J ii 

Jj<2, M, and C v are constant 
MC„(250°C - 25°C) = Qt t 

I 

225 A/ Q 

ff = r— 1 

Q 

The heat capacity of the system is obtained from Equation 8.3-13 as 

A^reactants /,-. \ . ^reactor , 



p --icjuiaim x "'rea ctor , ^ . 

^ \Sv)kz^m% -I — (>iJreactor 

li 

MC V = (1500 g) ^0.900 ~ J + (3000 g) ^0.120 -~ j 

= (1710 cal/°C)(4.184 J/cal) 
= 7150 J/°C 



The final result is 



225 MC V 
t t = r— - 

Q 

MC V = 7150 J/°C 
V Q = 500 W = 500 J/s 

= 7150(J/°C ) 
f 500(J/s) (225 C) 



3220 s 



53.7 min 



Question: Which restriction on the energy balance (Equation 11.3-13) would probably be violated 
if the reactants were not stirred? 



The final example illustrates a transient energy balance on a continuous svstem. 



% J ^-2j Transient Behavior of an Air-Cooling System 



An air-cooled engine generates heat at a constant nite <2 Rcn = 8530 Btu/min. 
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Inlet air 



6 Ib-mole/min 
r 0 = 65°F 



<2i(Btu/min) 

I 



G gen (Btu/min) 



J_ 



0.2 lb-mole air 
n°F) 



Outlet air 



6 Ib-mole/min 
7TF) 



The air in the engine housing is circulated rapidly enough for its temperature to be considered 
uniform and equal to the temperature of the outlet air. Air passes through the engine housing 
at a rate of 6.00 lb-mole/min, entering at a temperature of 65°F, and an average of 0.200 lb-mole 
of air is contained within the engine housing. (We will neglect the variation of this quantity with the 
changing temperature of the gas.) Heat is lost from the housing to its surroundings at 
a rate 

<2i ost (Btu/min) = [33.0 Btu/(°F-min)](r - 65°F) 
Suppose the engine is started with the inside air temperature equal to 65°F. 

1. Calculate the steady-state air temperature if the engine runs continuously for an indefinite 
period of time, assuming 

C v = 5.00 Btu/(lb-mole-°F) 

2. Derive a differential equation for the variation of the outlet temperature with the time from 
startup and solve it. 



SOLUTION 



System = the air within the engine housing. 



1. The steady-state energy balance equation may be obtained by setting dT/dt equal to zero in 
Equation 11.3-12. 

0 = mC p (T m -T) + Q-W 5 
T in = 65°F (given) 

T = r s (°F) (steady-state outlet temperature) 
W % = 0 (no moving parts) 

iyQ ~ 2gen ~ Qtosi 

mC p (T s - 65.0T) = 8530 Btu/min - 33.0(T SS - 65.0°F) 
Assuming ideal gas behavior 

C p = C v + R = (5.00 + 1.99)Btu/(lb-mole-°F) (Equation 8.3-12) 

Btu 



mCp = 



6.00 lb-mole 


6.99 Btu 


min 


lb-mole -T 



= 41.9 



min*°F 

The energy balance equation then becomes 

41.9(7; - 65.0°F) = 8530 Btu/min - 33.0(r s - 65.0°F) 



7 S = 179°F 



11.3 Energy Balances on Single-Phase Nonreactive Processes 559 



2. The unsteady-state balance equation (11.3-12) is, for our system, 

Af = 0.2 lb-mole 
C„ = 5.00 Btu/(lb-mole-°F) 
mC„ = 41.9 Btu/(min-°F) [from part 1] 
Q g e„ = 8530 Btu/min 
,e, Mt = 33.0(7 - 65)(Btu/min) 




You can check this result by setting dT/dt = 0 and solving the resulting equation for the 
steady-state value of T. The result is (13,400/74. 9)°F = 179°F, in agreement with the result 
of part 1. 

The solution of the equation is obtained by separating variables and integrating: 



dT 



= dt 



65T 13,400 - 74.97 J 0 



— ln(13,400- 74.97) 



= t 



65°F 



ln(13,400 - 74.97) = -74.9f + ln(8530) 

I 

13,400 -74.97 = 8530exp(-74.9r) 

Ji 



7(°F) = 179 - 114exp(-74.9r) 



A check on the solution may be obtained by substituting t = 0 and verifying that T equals the 
specified initial value, 65°F. 

If you evaluate T from this equation for a number of values of t(s), a plot would appear as 
follows: 




0 1 2 3 4 5 
r(s) 



The plot starts from the initial condition of 65°F and asymptotically approaches the steady- 
state value of 179°F. It takes 3.8 seconds for the temperature to reach 178°F, one degree short 
of its final value. 
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TEST 1. Under what conditions is the simplified form of the energy balance (Equation 11.3-12) 

YOURSELF valid? 

(Answers, p. 662) 2. Suppose the heat capacity C v is a function of T, which varies with time. Where would the 

derivation of Equation 11.3-12 break down? 

11.4 SIMULTANEOUS TRANSIENT BALANCES 

Throughout this book, we have seen that when more than one species is involved in a pro- 
cess or when energy balances are required, several balance equations must be derived and 
solved simultaneously. For steady-state systems the equations are algebraic, but when the sys- 
tems are transient, simultaneous differential equations must be solved. For the simplest sys- 
tems, analytical solutions may be obtained by hand, but more commonly numerical solutions 
are required. Software packages that solve general systems of ordinary differential equations — 
such as Mathematica®, Maple®, Matlab®, TK-Solver®, Polymath®, and EZ-Solve®— are readily 
obtained for most computers. Other software packages have been designed specifically to simu- 
late transient chemical processes. Some of these dynamic process simulators run in conjunction 
with the steady-state flowsheet simulators mentioned in Chapter 10 (e.g., SPEEDUP®, which 
runs with Aspen Plus, and a dynamic component of HYSYS®) and so have access to physical 
property databases and thermodynamic correlations. 

Suppose yi(f), y 2 (r), y„(r) are dependent variables in a process system (such as species 
flow rates or concentrations or mole fractions or temperature), and that at time t = t 0 (usually 
but not always 0) these variables have the values y 1; , y 2i , . . . , y m . The goal is to derive a set of 
n differential equations that have the following form: 



d l = /i(yi,y 2 ,...,y n ,0 (11.4-1) 



dy_ 

vi('o) = yu 

^ = /2(vi,y 2 ,...,y„,0 (11.4-2) 
Mto) = yu 

dy n 

= fn{y\,yi,...,y n ,t) (11.4-n) 
y n (to) = y n i 

The functions on the right-hand sides of these equations are derived from the input, output, 
generation, and consumption terms in the balance equations. The solutions of the equations 
may be expressed as a table of y x , y 2 , . . . , y„ for increasing values of t or as plots of yj versus r, 
y 2 versus t,...,y n versus f . The next example provides an illustration. 

- •- '. 

EXAMPLE 11.4-1 Transient Balances on a Semibatch Reactor 



An aqueous solution containing 0.015 mol/L of species A is fed into a holding tank that initially 
contains 75 liters of pure water. The reactant decomposes at a rate 

Equipment rjmol A/(L-s)] = 0.0375C A 

Encyclopedia . , , . _ . . . , „ . , m 

reactor: semi-batch where C A (mol A/L) is the concentration of A in the tank. The volumetric feed rate of the solu- 
tion, v(t), increases linearly over a 10-second period from 0 to 25 L/s and stays constant at that rate 
thereafter until the tank is filled to the desired level. The density of the feed stream is constant. 

1. Write transient balances for the total mass of the tank contents and the mass of A in the tank. 
Convert the equations to differential equations for V(t) (the volume of the tank contents) and 
C A (f) (the concentration of A in the tank) that have the form of Equations 11.4-1 and 11.4-2, 
and provide initial conditions. 
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2. Sketch the shapes of the plots you would expect for the volume of the tank contents, V (L), and 
the concentration of A in the tank, C A (mol/L), versus time. 

3. Outline how the equations would be solved to derive an expression for C A (r) for the period 
from t = 0 to t = 60 s. 

SOLUTION A flowchart of the process is as follows: 

id) (Us) 

0.015 mol A/L ! 



vu> 

C A (mol A/L) 



The concentration of A in the tank changes with time because both the moles of A in the tank and 
the volume of the tank contents are changing. 

1. Total mass balance: accumulation = input (kg/s). The total mass of the tank contents (kg) at 
any time is p(kg/L)V(L), and the mass flow rate of the feed stream (kg/s) is p(kg/L)i<L/s). The 
mass balance thus becomes d(pV)/dt = pv, or, bringing p (which we are told is constant) out 
of the derivative and canceling it, 



(1) 



Balance on A: accumulation (mol A/s) = input - consumption. The number of moles of A in 
the tank at any time equals V(L)C A (mol A/L). The balance equation therefore becomes 

mol A 




0.015 
product rule 



(0.0375C A )(^|V(L) 



dC A dV 
V—^ + C A — = 0.015v - 0.0375 VC A 
dt dt 



Substitute for dV/dt from Equation 1, solve for dC A /dt 



dC A v 

-— = -(0.015 mol A/L - C A ) - 0.0375C A 
C A (0) = 0 mol A/L 



(2) 



The initial condition in Equation 2 follows from the statement that the tank initially contains 
pure water. In Equations 1 and 2, 



v(t) = 2.5t 
= 25 L/s 



0 < t < 10s 
t > 10 s 



(3a) 
(3b) 



(Verify Equation 3a.) 

Equations 1 and 2 are two differential equations in two dependent variables that have the 
form of Equations 11.4-1 and 11.4-2, where V and C A correspond to y x and y 2 , respectively. 
The equations may therefore be solved with any of the computer programs mentioned at the 
beginning of this section. 3 



3 It would be easier in this particular problem to solve Equation 1 analytically and substitute for V(t) in Equation 2. 

The methods we are illustrating now would work even if an analytical solution to Equation I could not be found. 
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2. To predict the shape of the curve on a plot of V versus t , we need only remember that the slope 
of the curve is dV j dt, which in turn equals i>(t) (from Equation 1). Try to follow this chain of 
reasoning: 

• A point on the plot of V versus t is the initial condition (r = 0, V = 75 L). 

• During the first 10 seconds, dV/ dt = 2.5t (from Equations 1 and 3a). The slope of the curve 
therefore equals zero at t = 0 (so that the curve is horizontal at the V axis) and increases 
over the first 10 seconds (so that the curve is concave up). 

• At / = 10 seconds, dV/ dt reaches a value of 25 L/s and thereafter remains constant at that 
value. A curve with a constant slope is a straight line. The plot of V versus t for t > 10 s 
must therefore be a straight line with a slope of 25 L/s. 

• Putting the preceding observations together, we conclude that the plot of V versus t starts 
horizontally at (f = 0, V = 75 L), curves up for 10 seconds, and then becomes a straight line 
with a slope of 25 L/s. It should have the following appearance: 




The plot of C A versus t must begin at (t = 0, C A = 0), since the tank initially contains pure 
water. 

At t = 0, the expression of Equation 2 for dCjdt equals zero since both t and C A are zero 
at this point. (Verify.) The plot of C A versus t is therefore horizontal at the C A axis. Since we 
are adding A to the tank, its concentration must increase and so the curve must be concave 
up. 

As time proceeds, more and more of the tank volume is occupied by fluid in which the A has 
had a long time to react. We could anticipate that at a very long time, the tank would contain 
a huge volume with very little A in it, and the A being added would be diluted down to a 
concentration approaching zero. C A should therefore increase near t = 0, rise to a maximum, 
start decreasing, and approach zero at long times. 

Furthermore, the concentration in the tank can never be greater than that in the feed stream 
(0.015 mol/L) and, in fact, must always be less than this amount since (a) the feed is diluted 
by the water initially in the tank and (b) some of the A in the feed reacts once it is in the 
tank. The maximum value of C A must therefore be less than 0.015 mol A/L. 
All of these observations combine to predict a plot with the following shape: 



0.015 




3. The system of equations must be solved in two stages — the first from t = 0 to f = 10 s (when 
v = 2.50 and the second for t > 10 s, when v = 25 L/s. The procedure is as follows: 



Substitute 2.5r for v(t) in Equations 1 and 2. 

— = 2.5t 
dt 

V(0) = 75.0 L 
dC K 2.5/ 



dt V 
C A (0) = 0 



(0.015 - C A ) - 0.0375C A 



(la) 



(2a) 
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When this pair of equations is solved for V(t) and C A (f) (we will omit details of the solution 
procedure), we determine that V(10 s) = 200 L and C A (10 s) = 0.00831 mol A/L. 
Substitute v(t) = 25 L/s in Equations 1 and 2 and substitute the dependent variable values 
at t = 10 s for the initial conditions: 



^=25 L/s 
dt 

V(10) = 200 L 
dC A 25 



(0.015 - C A ) - 0.0375C A 



(lb) 



(2b) 



dt V 

C A (10) = 0.0831 mol A/L 

These equations may be solved for V(t) and C A (t) for t > 10 s. These solutions along with 
the previous solutions for ( s 10 s are shown in the following plots: 




0 10 20 30 40 50 60 70 
tis) 



^ 0.009 
\ 0.006 - 
0.003 
0 




10 20 30 40 
f(s) 



11.5 SUMMARY 

All batch and semibatch processes are transient, as are continuous processes being started 
up, shut down, or in transition from one operating state to another. The accumulation terms 
in balance equations for transient systems are not zero (as they are for steady-state systems) 
but rather are derivatives of system variables with respect to time, and balance equations are 
consequently differential rather than algebraic. 

The procedure for writing and solving transient balances is as follows: 

• Write an expression for the amount of the balanced quantity in the system (mass, moles of 
a particular species, energy) and set the accumulation term in the balance equation equal to 
the derivative of that amount with respect to time. 

• Substitute for the input, output, generation, and consumption terms in the balance equation, 
and convert the resulting equation into one with the form 

d y st \ 

Tt = fM 
y(0) = y 0 

where y(t) is the dependent system variable to be determined (total mass or volume of the 
system contents, concentration or mole fraction of a species, temperature) and y 0 is the spec- 
ified initial value of y . 

• Sketch the anticipated plot of y versus t, using the initial condition to locate the starting 
point and using what you know about the slope (which equals dy! dt) to predict the shape of 
the curve. 

• If the balance equation can be solved analytically (e.g., by separation of variables and inte- 
gration), do so; otherwise, solve it using differential equation-solving software. 

• If the system involves more than one dependent variable (such as a semibatch unit in which 
both the volume and composition of the system contents vary or a reactor in which several 
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reactions occur simultaneously), write balance equations for all the dependent variables and 
convert them to the form 

^jf- = Myi,y2,---,yn,t) 
yiOo) = y\i 

= fn{y\,yi,---.yn,t) 

yn(to) = Vni 

Differential equation-solving software may then be used to generate tables and/or plots of 
the dependent variables versus time. 



PROBLEMS Most of the following problems ask you to write one or more transient balances, provide initial 

conditions for each derived equation, and integrate the equations. Whether or not such a problem 
explicitly requests it, you should always check your solution by verifying that (a) the initial condition 
is satisfied, (b) differentiating your solution yields the original balance equation, and (c) the previ- 
ously determined steady-state solution (if one has been determined) is approached as t -* =° in the 
transient solution. 

11.1. A solution containing hydrogen peroxide with a mass fraction .tpo (kg F^C^/kg solution) is added 
to a storage tank at a steady rate m 0 (kg/h). During this process, the liquid level reaches a corroded 
spot in the tank wall and a leak develops. As the filling continues, the leak rate wi(kg/h) becomes 
progressively worse. Moreover, once it is in the tank the peroxide begins to decompose at a rate 

r d (kg/h) = kM p 

where A/ P (kg) is the mass of peroxide in the tank. The tank contents are well mixed, so that the 
peroxide concentration is the same at all positions. At a time t = 0 the liquid level reaches 
the corroded spot. Let Mo and A/ p0 be the total liquid mass and mass of peroxide, respectively, 
in the tank at that moment, and let M(t) be the total mass of liquid in the tank at any time there- 
after. 

(a) Show that the leakage rate of hydrogen peroxide at any time is m\M p / M. 

(b) Write differential balances on the total tank contents and on the peroxide in the tank, and pro- 
vide initial conditions. Your solution should involve only the quantities m 0 , ihi, *po, k, M , Mo, 
Af p , Mpo, andr. 

11.2. One hundred fifty kmol of an aqueous phosphoric acid solution contains 5.00 mole% H3PO4. The 
solution is concentrated by adding pure phosphoric acid at a rate of 20.0 L/min. 

(a) Write a differential mole balance on phosphoric acid and provide an initial condition. [Start by 
defining n p (kmol) to be the total quantity of phosphoric acid in the tank at any time.] 

(b) Solve the balance to obtain an expression for n v {t). Use the result to derive an expression for 
x p (t), the mole fraction of phosphoric acid in the solution. 

(c) How long will it take to concentrate the solution to 15% H3PO4? 

11.3. Methanol is added to a storage tank at a rate of 1200 kg/h and is simultaneously withdrawn at a rate 
w w (f) (kg/h) that increases linearly with time. At t — 0 the tank contains 750 kg of the liquid and 
thy, = 750 kg/h. Five hours later w w equals 1000 kg/h. 

(a) Calculate an expression for /n w (f), letting t = 0 signify the time at which /fi w = 750 kg/h, and 
incorporate it into a differential methanol balance, letting M (kg) be the mass of methanol in 
the tank at any time. 

(b) Integrate the balance equation to obtain an expression for M{t) and check the solution two ways. 
(See Example 11.2-1.) For now, assume that the tank has an infinite capacity. 

(c) Calculate how long it will take for the mass of methanol in the tank to reach its maximum value, 

and calculate that value. Then calculate the time it will take to empty the tank. 

(d) Now suppose the tank volume is 3.40 m 3 . Draw a plot of M versus t, covering the period from 
t = 0 to an hour after the tank is empty. Write expressions for M(t) in each time range when 
the function changes. 
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11.4. A 10.0-ft compressed-air tank is being filled. Before the filling begins, the tank is open to the 
atmosphere. The reading on a Bourdon gauge mounted on the tank increases linearly from an 
initial value of 0.0 to 100 psi after 15 seconds. The temperature is constant at 72°F, and atmosnheric 
pressure is 1 atm. F 

(a) Calculate the rate «(lb-mole/s) at which air is being added to the tank, assuming ideal gas 
behavior. {Suggestion: Start by calculating how much is in the tank at t = 0.) ' 

(b) Let N(t) equal the number of lb-moles of air in the tank at any time. Write a differential 
balance on the air in the tank in terms of jV and provide an initial condition. 

(c) Integrate the balance to obtain an expression for N(t). Check your solution two ways. 

(d) Estimate the number of lb-moles of oxygen in the tank after two minutes. 

11.5. A gas storage tank with a floating roof receives a steady input of 540 m 3 /h of a natural gas The 
rate of withdrawal of gas from the tank, t> w , varies more or less randomly during the day and is 
recorded at 10-min intervals. At 8:00 a.m. one morning the volume of stored gas is 3.00 X 10 3 m 3 
The withdrawal rate data for the next 4 hours are as follows: 



Hour Beginning at iy(m 3 /min ) 

8:00 H.4,11.9,12.1,11.8,11.5,11.3 

9:00 11.4, 11.1, 10.6, 10.8, 10.4, 10.2 

10:00 10.2, 9.8, 9.4, 9.5, 9.3, 9.4 

11:00 9.5, 9.3, 9.6, 9.6, 9.4, 9.9 

12:00 9.8 
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The temperature and pressure of the inlet, stored, and outlet gases are equal and nearly constant 
throughout the given time period. 

(a) Write a differential balance on the moles of gas in the tank, and prove that when integrated 
it yields the following equation for the gas volume: 



V(t) = 3.00 X 10 3 + 9.00f - f \dt 

Jo 



(b) 



where r(min) is the time elapsed since 8:00 a.m. 

Calculate the stored gas volume at noon, using Simpson's rule (Appendix A.3) to evaluate 
the integral. 

(c) Although a running estimate of the tank volume is important to have, in practice it would 
probably not be obtained in the manner indicated. How would it be obtained? What might 
you infer if the value estimated in part (b) is greater than that obtained by the more accurate 
method? 

*(d) Create a spreadsheet or a computer program to read in the data for v^t) and to estimate 
and print out the gas volume at each time for which v w is recorded, using the trapezoidal 
rule (Appendix A.3) to evaluate the integral over each successive 10-min interval. What is 
the percentage difference between the volumes at noon estimated by Simpson's rule and the 
trapezoidal rule? Which estimate should be more accurate? 
Water is added at varying rates to a 300-liter holding tank. When a valve in a discharge line is 
opened, water flows out at a rate proportional to the height and hence to the volume V of water 
in the tank. The flow of water into the tank is slowly increased and the level rises in consequence 
until at a steady input rate of 60.0 L/min the level just reaches the top but does not spill over. The 
input rate is then abruptly decreased to 20.0 L/min. 

(a) Write the equation that relates the discharge rate, i> out (L/min), to the volume of water in the 
tank, V(L), and use it to calculate the steady-state volume when the input rate is 20 L/min 

(b) Write a differential balance on the water in the tank for the period from the moment the 
input rate is decreased (f = 0) to the attainment of steady state (t »), expressing it in the 
form dV/ dt = • • •. Provide an initial condition. 

(c) Without integrating the equation, use it to confirm the steady-state value of V calculated in 
pan (a) and then to predict the shape you would anticipate for a plot of V versus t. Explain 
your reasoning. 



""Computer problem. 
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(d) Separate variables and integrate the balance equation to derive an expression for V(t). Calcu- 
late the time in minutes required for the volume to decrease to within 1% of its steady-state 
value. 

11.7. The production supervisor of a small pharmaceutical firm has observed a decreasing demand for 
potassium regurgitol (PRG) over a two-month period, and since the plant manager has been 
throwing up the low sales of this product at the weekly staff meetings, the supervisor decides 
to discontinue its production immediately. On the day of this decision, the inventory of PRG is 
18,000 kg. Based on the orders on hand, the manager projects the following weekly demand for 
the next six weeks: 



Week 


1 


2 


3 


4 


5 


6 


Demand D(kg/wk) 


2385 


1890 


1506 


1196 


950 


755 



(a) Use a semilog plot of the projected demand figures to derive an equation for D as a function 
of t (weeks) from the present time. 

(b) Write a differential balance on the inventory /(kg) of PRG, and integrate it to determine / 
as a function of 

(c) If the demand continues to follow the projected trend of the next six weeks, how much PRG 
will eventually have to be discarded? 

11.8. A ventilation system has been designed for a large laboratory with a volume of 1100 m 3 . The 
volumetric flow rate of ventilation air is 700 m 3 /min at 22°C and 1 atm. (The latter two values 
may also be taken as the temperature and pressure of the room air.) A reactor in the laboratory 
is capable of emitting as much as 1.50 mol of sulfur dioxide into the room if a seal ruptures. An 
S0 2 mole fraction in the room air greater than 1.0 X 10^ 6 (1 ppm) constitutes a health hazard. 

(a) Suppose the reactor seal ruptures at a time t = 0 and the maximum amount of S0 2 is emitted 
and spreads uniformly throughout the room almost instantaneously. Assuming that the air 
flow is sufficient to make the room air composition spatially uniform, write a differential S0 2 
balance, letting N be the total moles of gas in the room (assume constant) and x(t) the mole 
fraction of SO2 in the laboratory air. Convert the balance into an equation for dx/dt and 
provide an initial condition. (Assume that all of the S0 2 emitted is in the room at t = 0.) 

(b) Predict the shape of a plot of x versus t. Explain your reasoning, using the equation of part 
(a) in your explanation. 

(c) Separate variables and integrate the balance to obtain an expression for x{t). Check your 
solution. 

(d) Convert the expression for x(t) into an expression for the concentration of S0 2 in the room, 
C S o 2 (mol SO2/L). Calculate (i) the concentration of S0 2 in the room two minutes after the 
rupture occurs, and (ii) the time required for the S0 2 concentration to reach the "safe" level. 

(e) Why would it probably not yet be safe to enter the room after the time calculated in part (d)? 
(Hint: One of the assumptions made in the problem is probably not a good one.) 

11.9. A gas leak has led to the presence of 1.00 mole% carbon monoxide in a 350-m 3 laboratory. 4 The 
leak was discovered and sealed, and the laboratory is to be purged with clean air to a point at 
which the air contains less than the OSHA (Occupational Safety and Health Administration)- 
specified Permissible Exposure Level (PEL) of 35 ppm (molar basis). Assume that the clean air 
and the air in the laboratory are at the same temperature and pressure and that the laboratory 
air is perfectly mixed throughout the purging process. 

(a) Let f r (h) be the time required for the specified reduction in the carbon monoxide concen- 
tration. Write a differential CO mole balance, letting N equal the total moles of gas in the 
room (assume constant), x the mole fraction of CO in the room air, and t> p (m 3 /h) the flow 
rate of purge air entering the room (and also the flow rate of laboratory air leaving the room). 
Convert the balance into an equation for dx/dt and provide an initial condition. 

(b) Integrate the balance to derive an equation for f r in terms of ii p . 

(c) If the volumetric flow rate is 700 m 3 /h (representing a turnover of two room volumes per 
hour), how long will the purge take? What would the volumetric flow rate have to be to cut 
the purge time in half? 



4 D. A. Crowl, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, AIChE/CCPS, New York, 1993. 
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(d) Give several reasons why it might not be safe to resume work in the laboratory after the 
calculated purge time has elapsed? What precautionary steps would you advise taking at this 
point? 

11.10. Ninety kilograms of sodium nitrate is dissolved in 110 kg of water. When the dissolution is complete 
(at time t = 0), pure water is fed to the tank at a constant rate m(kg/min), and solution is withdrawn 
from the tank at the same rate. The tank may be considered perfectly mixed. 

(a) Write a total mass balance on the tank and use it to prove that the total mass of liquid in the 
tank remains constant at its initial value. 

(b) Write a balance on sodium nitrate, letting x(t.m) equal the mass fraction of NaN0 3 in the 
tank and outlet stream. Convert the balance into an equation for dx dt and provide an initial 
condition. 

(c) On a single graph of x versus t, sketch the shapes of the plots you would expect to obtain 
for m = 50 kg/min, 100 kg/min, and 200 kg/min. (Don't do any calculations.) Explain your 
reasoning, using the equation of part (b) in your explanation. 

(d) Separate variables and integrate the balance to obtain an expression for x(t, m). Check your 
solution. Then generate the plots of x versus t for m = 50 kg/min, 100 kg/min, and 200 kg/min 
and show them on a single graph. (A spreadsheet is a convenient tool for carrying out this 
step.) 

(e) If m = 100 kg/min, how long will it take to flush out 90% of the sodium nitrate originally in 
the tank? How long to flush out 99%? 99.9%? 

11.11. A tracer is used to characterize the degree of mixing in a continuous stirred tank. Water enters and 
leaves the mixer at a rate of i<m 3 /min). Scale has built up on the inside walls of the tank, so that 
the effective volume V(m 3 ) of the tank is unknown. At time t = 0, a mass w 0 (kg) of the tracer is 
injected into the tank and the tracer concentration in the outlet stream, C(kg/m 3 ), is monitored. 

(a) Write a differential balance on the tracer in the tank in terms of V, C, and v, assuming that 
the tank contents are perfectly mixed, and convert the balance into an equation for dC/dt. 
Provide an initial condition, assuming that the injection is rapid enough so that all of the tracer 
may be considered to be in the tank at r = 0. 

(b) Integrate the balance to prove that 

C(r) = (m 0 /V)exp(-vt/V) 

(c) Suppose the flow rate through the mixer is v = 30.0 nvVmin and that the following data are 
taken: 



Time from injection, r(min) 


1 


2 


3 


4 


C X 10 3 (kg/m 3 ) 


0.223 


0.050 


0.011 


0.0025 



(For example, at t = 1 min, C = 0.223 X 10~ 3 kg/m 3 .) Verify graphically that the tank is 
functioning as a perfect mixer— that is, that the expression of part (b) fits the data— and 
determine the effective volume V(m 2 ) from the slope of your plot. 

A 40.0-ft 3 oxygen tent initially contains air at 68°F and 14.7 psia. At a time t = 0 an enriched air 
mixture containing 35.0% v/v 0 2 and the balance N 2 is fed to the tent at 68°F and 1.3 psig at a 
rate of 60.0 ft 3 /min, and gas is withdrawn from the tent at 68°F and 14.7 psia at a molar flow rate 
equal to that of the feed gas. 

(a) Calculate the total lb-moles of gas (0 2 + N 2 ) in the tent at any time. 

(b) Let x(t) equal the mole fraction of oxygen in the outlet stream. Write a differential mole bal- 
ance on oxygen, assuming that the tent contents are perfectly mixed (so that the temperature, 
pressure, and composition of the contents are the same as those properties of the exit stream;. 
Convert the balance into an equation for dx/dt and provide an initial condition. 

(c) Integrate the equation to obtain an expression for x(t). How long will it take for the mole 
fraction of oxygen in the tent to reach 0.27? 

A radioactive isotope decays at a rate proportional to its concentration. If the concentration of 
an isotope is C (mg/L), then its rate of decay may be expressed as 

r d [mg/(L-s)| = kC 

where k is a constant. 




11.12. 
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(a) A volume V(L) of a solution of a radioisotope whose concentration is Co(mg/L) is placed in 
a closed vessel. Write a balance on the isotope in the vessel and integrate it to prove that the 
haif-life ti/2 of the isotope — by definition, the time required for the isotope concentration to 
decrease to half of its initial value — equals (ln2)//t. 

(b) The half -life of 56 Mn is 2.6 h. A batch of this isotope that was used in a radiotracing experiment 
has been collected in a holding tank. The radiation safety officer declares that the activity 
(which is proportional to the isotope concentration) must decay to 1% of its present value 
before the solution can be discarded. How long will this take? 

A chemical reaction with stoichiometry A —>■ products is said to follow an n' h -order rate law if A 
is consumed at a rate proportional to the nth. power of its concentration in the reaction mixture. 
If r A is the rate of consumption of A per unit reactor volume, then 

r A [mol/(L-s)] = kC n A 

where C A (mol/L) is the reactant concentration, and the constant of proportionality k is the reaction 
rate constant. A reaction that follows this law is referred to as an n' h order reaction. The rate 
constant is a strong function of temperature but is independent of the reactant concentration. 

(a) Suppose a first-order reaction (n = 1) is carried out in an isothermal batch reactor of constant 
volume V . Write a material balance on A and integrate it to derive the expression 

C A = C AO exp(-fo) 

where C A o is the concentration of A in the reactor at t = 0. 

(b) The gas-phase decomposition of sulfuryl chloride 

S0 2 C1 2 — S0 2 + Cl 2 

is thought to follow a first-order rate law. The reaction is carried out in a constant-volume 
isothermal batch reactor and the concentration of S0 2 C1 2 is measured at several reaction 
times, with the following results: 



f (min) 


4.0 


21.3 


39.5 


63.4 


120.0 


175.6 


C A (mol/L) 


0.0279 


0.0262 


0.0246 


0.0226 


0.0185 


0.0152 



Verify the proposed rate law graphically [i.e.. demonstrate that the expression given in 
part (a) fits the data for C A (r)] and determine the rate constant k, giving both its value and 
its units. 

z^BK H-15. A gas-phase decomposition reaction with stoichiometry 2A -* 2B + C follows a second-order rate 
■ 1 law (see Problem 11.14): 

Equipment r d [mol/(m 3 -s)] = &C A 

Encyclopedia 

reactor-batch where C A is the reactant concentration in mol/m 3 . The rate constant k varies with the reaction 

temperature according to the Arrhenius law 

£[m 3 /(mol-s)] = k 0 e\p(-E/RT) 

where 

&o[m 3 /(mol-s]) = the preexponential factor 

£(J/mol) = the reaction activation energy 
R = the gas constant 
7"(K) = the reaction temperature 

Suppose the reaction is carried out in a batch reactor of constant volume V(m 3 ) at a constant 
temperature T(K), beginning with pure A at a concentration C A o. Write a differential balance 
on A and integrate it to obtain an expression for C A (r) in terms of C A o and k. 
Let P 0 (atm) be the initial reactor pressure. Prove that tx/ 2 , the time required to achieve a 50% 
conversion of A in the reactor, equals RT/kP 0 , and derive an expression for Pi/ 2 , the reactor 
pressure at this point, in terms of P 0 . Assume ideal gas behavior. 




11.14. 
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(c) The decomposition of nitrous oxide (N 2 0) to nitrogen and oxygen is carried out in a S 00-liter 
batch reactor at a constant temperature of 1015 K. beginning with pure N z O at several initial 
pressures. The reactor pressure P{t) is monitored, and the times (t : required to achieve ^0% 
conversion of N 2 0 are noted. 



/'o(atm) 


0.135 


0.286 


0.416 


0.683 


fl/2(s) 


1060 


— 

500 


344 


209 



Use these results to verify that the N 2 0 decomposition reaction is second-order and determine 
the value of k at T = 1015 K. 
(d) The same experiment is performed at several other temperatures at a single initial pressure 
of 1.00 atm, with the following results: 



T(K) 


900 


950 


1000 


1050 


*1<2(S) 


5464 


1004 


219 


55 ; 



Use a graphical method to determine the Arrhenius law parameters (k 0 and £) for the 
reaction. 

(e) Suppose the reaction is carried out in a batch reactor at T = 980 K. beginning with a mixture 
at 1.20 atm containing 70 mole% N 2 0 and the balance a chemicallv inert" gas. How Ion° 
(minutes) will it take to achieve a 90% conversion of N-O? 

In an enzyme-catalyzed reaction with stoichiometry A — B. A is consumed at a rate given bv an 
expression of the Michaelis-Menten form: 

r A [mol/(L-s)] = -M^- 

where C A (mol/L) is the reactant concentration, and Jt, and k 2 depend onlv on temperature 

(a) The reaction is carried out in an isothermal batch reactor with constant reaction mixture 
volume V (liters), beginning with pure A at a concentration C A0 . Write a balance on A and in- 
tegrate it to obtain an expression for the time required to achieve a specified concentration C v 

(b) Use the expression of part (a) to devise a graphical method of determining k, and b from 
data for C A versus t. Your plot should involve fitting a straight line and determining the rwo 
parameters from the slope and intercept of the line. (There are. several possible solutions.) 
Then apply your method to determine *, and k : for the following data taken in a 2.0O-liter 
reactor, beginning with A at a concentration C A0 = 5.00 mol/L. 





60.0 


120.0 


180.0 


240.0 | 480.0 


| C A (mol/L) 


4.484 


4.005 


3.561 


3.154 1.866 



11.17. Phosgene (COCl 2 ) is formed by CO and Cl 2 reacting in the presence of activated charcoal: 

CO + Cl 2 - COCl 2 

At T = 303.8 K the rate of formation of phosgene in the presence of 1 gram of charcoal is 

flf(molAnin) = - S-75C co C cl2 

(1 +58.6CV,, +34.3Ccoci : ) 2 

where C denotes concentration in mol/L. 

(a) Suppose the charge to a 3.00-liter batch reactor is 1.00 a of charcoal and a gas containing 60 
mole% CO and 40 mole% Cl 2 , and that the initial reactor conditions are 303.8 K and 1 atm 
Calculate the initial concentrations (mol/L) of both reactants, neglecting the volume occupied 
by the charcoal. Then, letting C P (t) be the concentration of phosgene at an arbitrary time r 
derive relations for C co and C C | 2 in terms of (',.. 

(b) Write a differential balance on phosgene and show that it simplifies to 

dC ? = 2 1 92(0 1 02407 - (7,0(0.01605 - C P ) 
dt 0.941 - 24.3C P ) 2 

Provide an initial condition for this equation. 
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(c) Starting with the equation of part (b), derive an expression for the time required to achieve 
a 75% conversion of the limiting reactant. Your solution should have the form t = a definite 
integral. 

*(d) The integral you derived in part (c) can be evaluated analytically; however, more complex rate 
laws than the one given for the phosgene formation reaction would yield an integral that must 
be evaluated numerically. One procedure is to evaluate the integrand at a number of points 
between the limits of integration and to use a quadrature formula such as the trapezoidal rule 
or Simpson's rule (Appendix A.3) to estimate the value of the integral. 

Use a spreadsheet or write a computer program to evaluate the integrand of the integral of 
part (c) at n p equally spaced points between and including the limits of integration, where n p is 
an odd number, and then to evaluate the integral using Simpson's rule. Perform the calculation 
for n p = 5, 21, and 51, and compare the results with the exact value of the integral. 

11.18. A gas that contains C0 2 is contacted with liquid water in an agitated batch absorber. The equi- 
librium solubility of C0 2 in water is given by Henry's law (Section 6.4b) 

Equipment C A = p A /H A 

Encyclopedia 

absorber where C A (mol/cm 3 ) = concentration of C0 2 in solution 

p A (atm) = partial pressure of C0 2 in the gas phase 
H A [atm/(mol/cm 3 )] = Henry's law constant 

The rate of absorption of C0 2 (i.e., the rate of transfer of C0 2 from the gas to the liquid per unit 
area of gas-liquid interface) is given by the expression 

r A [mol/(cm 2 -s)] = k(C* A - C A ) 

where C A = actual concentration of C0 2 in the liquid 

C A = concentration of C0 2 that would be in equilibrium with the C0 2 in the gas 
phase (C A = p/jH A ) 
&(cm/s) = a mass transfer coefficient 

The gas phase is at a total pressure P(atm) and contains >> A (mol C0 2 /mol gas), and the liquid 
phase initially consists of K(cm 3 ) of pure water. The agitation of the liquid phase is sufficient 
for its composition to be considered spatially uniform, and the amount of C0 2 absorbed is low 
enough for P , V , and y A to be considered constant throughout the process. 

(a) Write a differential balance on C0 2 in the liquid phase and integrate it to derive the relation 

C A (0 = C A [1 -exp(- kSt/V)} 

where 5(cm 2 ) is the effective contact area between the gas and liquid phases. 

(b) Suppose the system pressure is 20.0 atm, the liquid volume is 5.00 liters, the tank diameter is 
10.0 cm, the gas contains 30.0 mole% C0 2 , the Henry's law constant is 9230 atm/(mole/cm 3 ), 
and the mass transfer coefficient is 0.020 cm/s. Calculate the time required for C A to reach 
0.620 mol/L if the gas-phase properties remain essentially constant. 

11.19. A liquid-phase chemical reaction with stoichiometry A -» B takes place in a semibatch reactor. 
The rate of consumption of A per unit volume of the reactor contents is given by the first-order 
rate expression (see Problem 11.14) 

r A [mol/(L-s)] = kC A 

where C A (mol A/L) is the reactant concentration. The tank is initially empty. Beginning at a time 
t = 0, a solution containing A at a concentration C A o(mol A/L) is fed to the tank at a steady rate 
v(L/s). 

(a) Write a differential balance on the total mass of the reactor contents. Assuming that the density 
of the contents always equals that of the feed stream, convert the balance into an equation 
for dV/'dt, where V is the total volume of the contents, and provide an initial condition. Then 
write a differential mole balance on the reactant, A, letting N A (t) equal the total moles of A in 
the vessel, and provide an initial condition. Your equations should contain only the variables 
N A , V, and f and the constants v and C A0 . (You should be able to eliminate C A as a variable.) 
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(b) Without attempting to integrate the equations, derive a formula for the steady-state value of 
N A . 

(c) Integrate the two equations to derive expressions for V(t) and A/ A (r), and then derive an 
expression for C A (?). Determine the asymptotic value of N A as t -* oc and verify that the 
steady-state value obtained in part (b) is correct. Briefly explain how it is possible for N A to 
reach a steady value when you keep adding A to the reactor and then give two reasons why 
this value would never be reached in a real reactor. 

(d) Determine the limiting value of C A as t -* °° from your expressions for N.\(t) and V(t). Then 
explain why your result makes sense in light of the results of part (c). 

11.20. A kettle containing 3.00 liters of water at a temperature of 18°C is placed on an electric stove and 
begins to boil in four minutes. 

(a) Write an energy balance on the water, neglecting evaporation that may occur during the 
heating. 

(b) What is the average rate (W) at which heat is added to the water during this period? (See 
Example 11.3-1.) 

(c) The rate of heat output from the stove element differs significantly from the heating rate 
calculated in part (b). In which direction, and why? 

11.21. An electrical coil is used to heat 20.0 kg of water in a closed well-insulated vessel. The water 
is initially at 25°C and 1 atm. The coil delivers a steady 2.50 kW of power to the vessel and its 
contents. 

(a) Write a differential energy balance on the water, assuming that 97% of the energy delivered 
by the coil goes into heating the water. What happens to the other 3%? 

(b) Integrate the equation of part (a) to derive an expression for the water temperature as a 
function of time. 

(c) How long will it take for the water to reach the normal boiling point? Will it boil at this 
temperature? Why not? 

11.22. An iron bar 2.00 cm X 3.00 cm X 10.0 cm at a temperature of 95°C is dropped into a barrel of 
water at 25°C. The barrel is large enough so that the water temperature rises negligibly as the bar 
cools. The rate at which heat is transferred from the bar to the water is given by the expression 

G(J/min) = UA(T b - 7 W ) 

where U[ = 0.050 J/(mhrcm 2 -°C)] is a heat transfer coefficient, A(cm 2 ) is the exposed surface area of 
the bar, and 7 b (°C) and 7" W (°C) are the surface temperature of the bar and the water temperature, 
respectively. 

The heat capacity of the bar is 0.460 J/(g-°C). Heat conduction in iron is rapid enough for the 
temperature T b (t) to be considered uniform throughout the bar. 

(a) Write an energy balance on the bar, assuming that all six sides are exposed. Your result should 
be an expression for dT b / dt and an initial condition. 

(b) Without integrating the equation, sketch the expected plot of T b versus t, labeling the values 
of T b at t = 0 and t -»• oo, 

(c) Derive an expression for T b (t) and check it three ways. How long will it take for the bar to 
cool to 30°C? 

11.23. A steam coil is immersed in a stirred heating tank. Saturated steam at 7.50 bar condenses within 
the coil, and the condensate emerges at its saturation temperature. A solvent with a heat capacity 
of 2.30 kJ/(kg-°C) is fed to the tank at a steady rate of 12.0 kg/min and a temperature of 25°C, 
and the heated solvent is discharged at the same How rate. The tank is initially filled with 760 kg 
of solvent at 25°C, at which point the flows of both steam and solvent are commenced. The rate 
at which heat is transferred from the steam coil to the solvent is given by the expression 

Q = UA(T Mcam - r) 

where UA (the product of a heat transfer coefficient and the coil surface area through which the 
heat is transferred) equals 11.5 kJ/(mnv°C).The tank is well stirred, so that the temperature of the 
contents is spatially uniform and equals the outlet temperature. 

(a) Prove that an energy balance on the tank contents reduces to the equation given below and 
supply an initial condition. 

dT 

— = 1.50°C/min - 0.02247 
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(b) Without integrating the equation, calculate the steady-state value of T and sketch the expected 
plot of T versus t, labeling the values of T b at t = 0 and t -* 

(c) Integrate the balance equation to obtain an expression for T{t) and calculate the solvent 
temperature after 40 minutes. 

(d) A new stirrer assembly has been installed in the heating tank. The process described above 
is run again with the same steam conditions, solvent flow rate, and mass of solvent charged 
to the tank, and the temperature after 40 minutes is 55°C instead of the value calculated in 
part (c). One of the system variables listed in the problem statement must have changed as 
a resuit of the change in the stirrer. Which variable would you guess it to be, and by what 
percentage of its initial value did it change? 

11.24. At 9:30 one morning, a graduate student measures 350 grams of liquid benzene at 20°C into a 
glass flask dirty enough that its contents cannot be seen, puts the open flask on a bunsen burner, 
turns the burner on, and goes for a coffee break. The conversation at the break is lively and he 
doesn't get back until 10:10 a.m. He looks down into the flask, sees the liquid is boiling, turns the 
burner off, feels a little irritation in his eye and rubs the eye with his hand, picks up the flask, 
says "Ouch" (or something roughly equivalent), puts the flask down on his laboratory partner's 
thermodynamics homework, and starts to prepare the next step of the experiment. 

(a) Suppose the heat input rate to the flask contents is 40.2 W. Calculate the time at which the 
benzene temperature reached 40°C. Neglect evaporation of benzene during the heating and 
take the heat capacity of liquid benzene to be constant at 1.77 J/(g-°C). 

(b) Calculate the quantity of benzene left in the flask at 10:10 a.m., assuming that once the benzene 
starts boiling, the rate of heat input to the flask (40.2 W) equals the rate of vaporization (g/s) 
times the heat of vaporization (J/g). 

(c) The graduate student was lucky. First, neither his supervisor nor the university safety officer 
came into the laboratory during this episode. More importantly, he was still alive and well at 
the end of the day. Identify as many of his safety violations as you can, explaining the danger 
and suggesting for each violation what he should have done instead. 

11.25. A steam radiator is used to heat a 60-m 3 room. Saturated steam at 3.0 bar condenses in the radiator, 
and emerges as a liquid at the saturation temperature. Heat is lost from the room to the outside 
at a rate 

G(kJ/h) = 30.0(7 - T 0 ) 

where T(°C) is the room temperature and 7/ 0 = 0°C is the outside temperature. At the moment 
the radiator is turned on, the temperature in the room is 10°C. 

(a) Let m s (kg/h) denote the rate at which steam condenses in the radiator and Ai(kmol) the 
quantity of air in the room. Write a differential energy balance on the room air, assuming that 
n remains constant at its initial value, and evaluate all numerical coefficients. Take the heat 
capacity of air (C„) to be constant at 20.8 J/(mol-°C). 

(b) Write the steady-state energy balance on the room air and use it to calculate the steam 
condensation rate required to maintain a constant room temperature of 24°C. 

(c) Integrate the transient balance to calculate the time required to achieve a temperature of 
23°C, assuming that the steam rate is that calculated in part (b). 

11.26. An immersed electrical heater is used to raise the temperature of a liquid from 20°C to 60°C in 
20.0 min. The combined mass of the liquid and the container is 250 kg, and the mean heat capacity 
of the system is 4.00 kJ/(kg-°C). The liquid decomposes explosively at 85°C. 

At 10.00 a.m. a batch of liquid is poured into the vessel and the operator turns on the heater 
and leaves to make a phone call. Ten minutes later, his supervisor walks by and looks at the strip 
chart record of the power input. This what she sees. 

100 

f, 



0123456789 10 
rtminutes from startup) 
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The supervisor immediately shuts off the heater and charges off to pass on to the operator several 
brief observations that come to her mind. 

(a) Calculate the required constant power input Q(kW), neglecting energy losses from the con- 
tainer. 

(b) Write and integrate using Simpson's rule (Appendix A3) an energy balance on the system to 
estimate the system temperature at the moment the heater is shut off. Use the following data 
from the recorder chart: 
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11.27. 



(c) Suppose that if the heat had not been shut off. Q would have continued to increase linearly 
at a rate of 10 kW/min. At what time would everyone in the plant realize that something was 
wrong? 

A 2000-liter tank initially contains 400 liters of pure water. Beginning at t = 0, an aqueous solution 
containing 1.00 g/L of potassium chloride flows into the tank at a rate of 8.00 L/s and an outlet 
stream simultaneously starts flowing at a rate of 4.00 L/s. The contents of the tank are perfectly 
mixed, and the density of the feed stream and of the tank solution, p(g/L), may be considered 
constant. Let V(r)(L) denote the volume of the tank contents and C(f)(g/L) the concentration of 
potassium chloride in the tank contents and outlet stream. 

(a) Write a total mass balance on the tank contents, convert it to an equation for dV/dt, and provide 
an initial condition. Then write a potassium chloride balance, convert it to an equation of the 
form dC/dt = f(C,V), and provide an initial condition. (See Example 11.4-1.) 

(b) Without solving either equation, sketch the plots you would expect to obtain for V versus t 
and C versus t. Briefly explain your reasoning. 

(c) Solve the mass balance equation to obtain an expression for V(t). Then substitute for V in the 
potassium chloride balance and solve for C(t). Calculate the KC1 concentration in the tank at 
the moment the tank overflows. 

11.28. The diagram below shows three continuous stirred tanks connected in series. 



40 L7s 




The flow and mixing patterns in this system are studied by dissolving 1500 g of a salt (S) in the 
first tank, filling each of the other two tanks with pure solvent, and then starting the 40 L/s flow 
through the system. Each tank outlet stream is monitored with an on-line thermal conductivity 
detector calibrated to provide instantaneous readings of salt concentration. The data are plotted 
versus time and the results are compared with the plots that would be expected if the tanks are 
all perfectly mixed. Your job is to generate the latter plots. 

(a) Assuming that pure solvent is fed to the first tank and that each tank is perfectly mixed (so that 
the salt concentration in a tank is uniform and equal to the concentration in the outlet stream 
from that tank), write salt balances on each of the three tanks, convert them to expressions 
for dCsi/ dt, dCyij dt, and dC S3 /dt, and provide appropriate initial conditions. 

(b) Without doing any calculations, on a single graph sketch the forms of the plots of C S1 versus 
t, C S 2 versus t, and C S 3 versus t you would expect to obtain. Briefly explain your reasoning. 

*(c) Use a differential equation-solving program to solve the three equations, proceeding to a time 
at which C S3 has fallen below 0.01 g/L, and plot the results. 



♦Computer problems. 
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11.29. The following chemical reactions take place in a liquid-phase batch reactor of constant vol- 
ume V. 

A 2B nfrnol A consumeaV(L-s)] = 0.100C A 
B C r 2 [mol C generated/(L s)] = 0.200C^ 

where the concentrations C A and C B are in mol/L. The reactor is initially charged with pure A at 
a concentration of 1.00 mol/L. 

(a) Write expressions for (i) the rate of generation of B in the first reaction and (ii) the rate of 
consumption of B in the second reaction. (If this takes you more than about 10 seconds, you're 
missing the point.) 

(b) Write mole balances on A, B, and C, convert them into expressions for dC\j dt, dC^/dt, and 
dCc/dt, and provide boundary conditions. 

(c) Without doing any calculations, sketch on a single graph the plots you would expect to obtain 
of Ca versus t, C% versus f, and Cq versus t. Clearly show the function values at t = 0 and 
t and the curvature (concave up, concave down, or linear) in the vicinity of t = 0. Briefly 
explain your reasoning. 

*(d) Solve the equations derived in part (b) using a differential equation-solving program. On a 
single graph, show plots of Ca versus f, Cb versus t, and Cc versus t from t = 0 to t = 50 s. 
Verify that your predictions in part (c) were correct. If they were not, change them and revise 
your explanation. 

11.30. A liquid mixture containing 70.0 mol of n-pentane and 30.0 mol of rc-hexane initially at 46°C is 
partially vaporized at P = 1 atm in a single-stage distillation apparatus (Rayleigh still). 

(j v ( m ol vapor/s) 
A y[mol C^H 17 (v)/mol]' 




2(kJ/s) N L (mol liquid) 

jttmol C 5 H 12 (l)/mol] 



The heat added to the system, Q, vaporizes liquid at the rate «v(mol/s). The vapor product 
and remaining liquid at a given moment are always in equilibrium with each other. The relation- 
ship between the mole fraction of pentane in the liquid (x) and that in the vapor (y) is of the form 

ax 

y ~ x + b 

so that the system involves four time-dependent variables — N L , hv, x, and y, where N L is the 
total moles of liquid in the still at any time. (We will suppose that the rate of heat transfer to the 
evaporator, Q, is constant and known.) Four equations relating the unknowns will be required to 
determine these variables. The equations are two material balances, an energy balance, and the 
vapor-liquid equilibrium relationship just given. 

(a) When x = 1, what must y equal? (Think of the definitions of these quantities.) Use your 
answer and the vapor-liquid equilibrium expression to derive an equation relating the param- 
eters a and b . 

(b) Use Raoult's law (Equation 6.4-1) and the Antoine equation to calculate the mole fraction of 
pentane in the vapor phase in equilibrium with the 70% pentane-30% hexane feed mixture 
at the initial system temperature of 46°C and a pressure of 1 atm. Then use this result and 
that of part (a) to estimate a and b . (We will assume that these values remain the same over 
the range of compositions and temperatures to be undergone by the system.) 

(c) Taking the residual liquid in the still as your system, write a differential balance on total moles 
to obtain an expression for dN L / dt. Then write a balance on pentane, recognizing that both 
Nt and x are functions of time. {Hint: Remember the product rule for differentiation.) Prove 



that the pentane balance can be converted into the following equation: 

dx hy ( ax 
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dt N h \x + b 
Supply initial conditions for your two differential equations, 
(d) In part (c), you derived two equations in three unknown dependent variables— h v (t) N,(t) 
and x(t). To determine these variables, we need a third relationship. An enerev balance 
provides it. 67 

A rigorous energy balance would take into account the changing composition of the 
liquid, the slightly different heats of vaporization of pentane and hexane, and the enthalpy 
changes associated with temperature changes, and would make the problem relatively hard 
to solve. A reasonable approximation is to assume that (i) the liquid has a constant heat of 
vaporization of 27.0 kJ/mol, independent of composition and temperature; and (ii) all heat 
supplied ^to the still [£(kJ/s)] goe s to vaporize liquid (i.e., we neglect energy that goes into 
rasing the temperature of the liquid or the vapor). Make these assumptions, consider Q to be 
constant and known, and derive a simple expression for h v that can be used to eliminate this 
variable in the differential equations of part (c). From there, derive the following expression: 

— = g/27.0 / ax_ 

dt 100.0 mol - Qf/27.0 \x + b 

*(e) Use a differential equation-solving program to calculate x, y, N L , and h v from t = 0 until the 
time atjvhich the liquid completely evaporates. Do the calculation for (i) Q = 1.5 kJ/s and 
(ii) Q = 3.0 kJ/s. On a single graph, plot x and y versus t, showing curves for both values 
of Q. 

(f) In a short paragraph, describe what happens to the compositions of the vapor product and 
residual liquid over the course of a run. Include a statement of what the initial and final vapor 
compositions are and how the heating rate affects the system behavior. 
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Chapter 12 



Production of Chlorinated 
Polyvinyl Chloride 1 



Certain types of molecules can react to form polymers— long molecular chains with thousands 
of links. For example, vinyl chloride (C 2 H 3 C1) may react in the presence of an initiator (I) to 
form polyvinyl chloride, or PVC. 



(n + 2) 



H H 

I I 
C = C 

I I 
H CI 



H H 



R — C— C 



H CI 



H H 



H CI 



H H 



C — C — C — C R' 



H CI 



(n + 2) vinyl chloride 



initiator 



polyvinyl chloride) 



Several terms associated with polymer production processes may be defined in terms of 
this reaction. The monomer is vinyl chloride, the molecular species that reacts to form the 
high molecular weight polymer, polyvinyl chloride. The initiator, I, may be a reactive chemical 
species that decomposes into fragments that initiate the chain growth, or it may be a type of 
radiation (such as ultraviolet light) that has the same effect. Once a chain has been initiated, 
it steadily grows as monomer molecules continue to add to it. Chain growth termination oc- 
curs when two growing chains react with each other, or when another chemical species in the 
reaction mixture attaches to the active end of a growing chain. The symbols R and R' denote 
end groups, molecular fragments at the two ends of the polymer molecule that were involved 
in the chain growth initiation or termination steps. The repeating units in the chain (C 2 H 3 C1) 
are called mers. (Monomer = single mer, polymer = multiple mers.) The symbol n denotes 
the number of mers in the polymer molecule, not counting the two at the end of the chain. 
The polymer molecular weight is approximately equal to n times the molecular weight of the 
monomer, since if n is in the thousands or higher, the contribution of the end groups to the 
molecular weight is negligible. 



'This case study was prepared by Gary S. Huvard, HRC, Inc., Richmond, VA, and Richard M. Felder. 
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All rubbers, glasses, and plastics are polymers. You are probably familiar with natural 
polymers like cellulose (the building block of plant fibers) and synthetic polymers like poly- 
ethylene (plastic milk cartons), polyisoprene (automobile tires), polyethylene terephthalate 
(soft drink bottles), polymethyl methacrylate (Plexiglas®), polyvinylidene chloride (transpar- 
ent plastic wrap), polytetrafluoroethylene (Teflon®), and various polyesters (fabrics). Polyvinyl 
chloride, the polymer shown earlier, is used to make rigid pipes, house siding, and protective 
coverings for automobile seats and dashboards, among many other applications. 

PVC can be made in several different ways, depending on the intended end use. One 
method, suspension polymerization, produces a dry white powder called a resin. In this process, 
droplets of liquid vinyl chloride are suspended in water (in which vinyl chloride is insoluble) 
in a stirred-tank reactor. Polymerization occurs in each droplet, and the water surrounding the 
droplets is used to convey away the heat generated by the exothermic polymerization reac- 
tion. Under a microscope, the suspension PVC resin looks like a tiny bundle of grapes. Each 
macroparticle in the bundle is about 100-150 microns (micrometers, (Jim) in diameter, a bit 
larger than a grain of sand, and is itself composed of hundreds of micr op articles, each about 
1-3 microns in diameter, tightly stuck together and covered by a very thin external membrane. 

At room temperature, PVC is rigid. When raised to sufficiently high temperatures it be- 
comes molten and can be extruded into a variety of different shapes, including pipe and pipe 
fittings. PVC pipe has become the material of choice for residential cold water plumbing; it 
is less expensive than copper pipe and easier to install, since pipe fittings can be glued onto 
pipe sections instead of having to be soldered like copper. One problem with PVC pipe, how- 
ever, is that it begins to soften and become rubbery at about 80°C, and once it softens it loses 
strength and can no longer be trusted to hold pressure. Hot water piping requires a material 
with a higher softening temperature. A candidate for this application is chlorinated polyvinyl 
chloride, or CPVC. 



PVC CHLORINATION REACTION CHEMISTRY 

CPVC is produced by reacting suspension PVC resin with chlorine. The reaction is initiated by 
decomposing diatomic chlorine dissolved in water into highly unstable and reactive chlorine 
atoms, 

Cl 2 -* 2 CI- 

with either high heat or ultraviolet radiation. Once this initiation step has taken place, a chlorine 
atom attacks a PVC chain at a random location and replaces a hydrogen atom at the attack 
position. 



H H H (CI) H H 



R 




H H H H) H H 



• C — C — C — C — C — C- 



H CI H CI H CI 



R' 



R--C — C— C— C— C — C--R' + H 



H CI H CI H CI 



The liberated hydrogen atom reacts with a chlorine molecule to form a molecule of hydrogen 
chloride and another chlorine atom: 

H- + Cl 2 -* HC1 + CI- 

The new chlorine atom attacks a polymer molecule and replaces another hydrogen atom, and 
this chain propagation sequence continues as long as both chlorine gas and hydrogen atoms 
on polymer chains remain in the system. If enough chlorine is added to the reactor, a structure 
similar to the following one might be obtained (the added chlorines are circled): 



Process Description 581 



H H (CI) H H H H (CI) H 
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-R' 



When the polymer has this structure f which requires replacing roughly one out of even- five 
hydrogen atoms on the PVC chains with chlorine atoms) it contains between 67 and 68 wt% 
chlorine and its softening temperature is about 110°C, high enough for the materia] to be 
used for hot water piping. If the chlorine content rises above 70 wt% CI the polvmer be 
comes too difficult to process. In this case study, we analyze a process for producing CPVC 
from PVC. ~ 



PROCESS DESCRIPTION 



Step 1. Solid PVC resin is combined with water in a stirred tank to make a slurry (a suspension 
of solid particles m a liquid) containing about 10 wt% PVC. The slu'rry is pumped 
to a continuous chlorine absorber, a vessel equipped with an impeller that keeps the 
contents agitated. A stream of chlorine vapor at 25°C also enters the absorber The 
absorber operates at 25°C. 

The chlorine absorber is enclosed by a jacket through which a hot or cold fluid 
can be pumped to maintain the absorber contents at anv desired temperature. A pres- 
sure relief pipe emerging from a point near the top of the absorber is equipped with a 
rupture disk, a thin metal membrane designed to break if the absorber pressure rises 
above a certain value. If this happens, gas flows from the absorber throu 2 h the relief 
pipe to a surge tank, lowering the pressure in the absorber while containm* the re- 
leased gas. 

Step 2. The chlorine that will eventually be fed to the absorber is stored in a tank as a liquid 
under pressure at 22°C. Liquid is pumped from this tank through a chlorine flow con- 
trol valve to a chlorine vaporizer, a tall tank about half of which is filled with chlorine 
liquid and the other half with chlorine vapor. The liquid and vapor are in equilibrium 
at 5°C. Saturated steam at 2 bar absolute is fed through a steam flow control valve into 
a coil submerged in the liquid that is in the vaporizer, and the heat transferred through 
the coil wall vaporizes chlorine. Chlorine vapor flows from the top of the vaporizer 

The pressure and liquid level in the chlorine vaporizer are controlled automati- 
cally. As vapor flows out the top, the pressure in the tank begins to decrease. A pressure 
sensor detects the drop and sends a signal to the steam flow control valve. The valve 
opens and feeds more steam to the coil, causing more liquid chlorine to evaporate and 
raising the pressure back to the desired value. As the liquid evaporates, the liquid level 
in the tank begins to drop. A liquid level sensor detects the drop and sends a signal 
to the liquid chlorine flow control valve. The valve opens, and more liquid enters'the 
tank to replace the liquid that evaporated, raising the liquid level back to the set-point 
(desired) value. 

Step 3. The chlorine vapor leaving the vaporizer passes through an adiabatic expansion valve, 
then through a chlorine vapor heat exchanger. In the exchanger, the vapor comes in 
thermal contact with a hot flue gas from a furnace to be described in Step 15 The heat 
transferred from the flue gas is used to raise the temperature of the chlorine vapor to 
25°C. The heated vapor is the chlorine feed to the absorber mentioned in Step 1 

Step 4. The chlorine enters the absorber through a pipe in the bottom that ends in a sparger 
(something like a showerhead nozzle) located close to the impeller. The chlorine 
comes out of the sparger in thousands of tiny bubbles, which are then dispersed bv the 



582 Chapter 12 Production of Chlorinated Polyvinyl Chloride 



impeller throughout the slurry in the absorber. Chlorine is soluble in water and even 
more soluble in the PVC resin, and so dissolves in both the liquid and solid phases of 
the slurry. 

The feed rate of chlorine to the absorber is automatically controlled to maintain 
the absorber pressure at a specified value. If the pressure begins to fall, a pressure sen- 
sor detects the drop and sends a signal to the expansion valve described in Step 3. The 
valve opens, causing the flow rate of chlorine to increase and raising the absorber pres- 
sure back to the set-point value. If the pressure rises above the set point, the pressure 
sensor sends a signal that adjusts the control valve to decrease the flow rate of chlorine 
and the pressure comes back down to the set-point value. 

Step 5. The PVC resin slurry that leaves the chlorine absorber at 25°C is heated to 50°C in the 
reactor preheater. A very small amount of a chemical initiator is added to the heated 
slurry leaving the preheater. The amount of initiator added is small enough to be ne- 
glected in material balance calculations on the reactor. 

Step 6. The heated slurry flows to a chlorination reactor, which is a long jacketed pipe. In 
the reactor, the initiator— which is unstable at 50°C and higher— decomposes and be- 
gins the PVC chlorination chain reaction described in the introductory section. As 
the slurry moves through the reactor, dissolved chlorine in the resin particles reacts 
with the polymer, producing hydrogen chloride as a by-product. The HC1 — which is 
essentially insoluble in PVC and CPVC — diffuses out of the particles and into the liq- 
uid phase, forming hydrochloric acid (by definition an aqueous solution of hydrogen 
chloride), and the chlorine that had been dissolved in the liquid phase diffuses into 
the particles and reacts. All of the chlorine fed to the reactor is eventually consumed. 
The exit stream from the reactor is a slurry of CPVC particles containing 67-68 wt% 
chlorine suspended in aqueous hydrochloric acid. 

The chlorination reaction is highly exothermic. Some of the heat of reaction raises 
the slurry temperature to its exit value of 65°C, and cooling water flowing through 
the reactor jacket removes the additional heat generated. (If the reactor temperature 
were to rise above 65°C, the rate of the chlorination reaction would become extremely 
high, chlorine dissolved in the liquid phase would all react near the outer surface of the 
particles rather than diffusing through the pores, and the quality of the final product 
would suffer.) 

Step 7. The CPVC slurry flows to the reactor centrifuge, a spinning horizontal drum. The solids 
are forced against the circular drum wall and are compressed there. Liquid hydrochlo- 
ric acid (waste liquor) collects in the drum and overflows through an opening at one 
end, and the wetcake retained on the wall, which contains 90 wt% CPVC resin and 
10% hydrochloric acid, is scraped out by a large interior screw conveyor. 

Step 8. The waste liquor from the reactor centrifuge flows to a waste liquor neutralizer, where 
the HC1 is neutralized with a caustic soda (sodium hydroxide) solution: 

HCl(aq) + NaOH(aq) — NaCl(aq) + H 2 0(1) 

A stream of CO2 produced in the resin neutralizer (Step 10) also enters the neutralizer 
liquid through a sparger and reacts with sodium hydroxide: 

C0 2 (g) + 2 NaOH(aq) — Na 2 C0 3 (aq) + H 2 0(1) 

The caustic solution fed to the neutralizer. which comes from the NaOH feed drum 
(Step 9), contains 10 wt% NaOH and also some dissolved NaCl and Na 2 CC>3. 
Step 9. The solution of sodium chloride and sodium carbonate leaving the waste liquor neu- 
tralizer is combined with the waste liquor from the product centrifuge (Step 12). The 
combined solution is split into two streams. One goes to a waste treatment facility, and 
the other goes to the NaOH makeup tank, an agitated jacketed batch vessel. Solid 
pellets of sodium hydroxide are added to this tank to bring the NaOH concentration 
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in the solution up to 10.0 wt%. Cooling water is circulated through the makeup tank 
jacket to remove the considerable heat generated by the dissolution of NaOH Batches 
of solution are pumped from the NaOH makeup tank to the NaOH feed drum (a hold 
ing tank), and solution is pumped from the feed drum to the waste liquor neutralizer 
(Step 8). The feed drum always contains enough inventory to provide a continuous 
reed to the neutralizer. 

Step 10. The wetcake produced in the reactor centrifuge is conveyed to a resin neutralizer an- 
other large, jacketed, agitated vessel, where the HCI in the resin is neutralized with 
sodium bicarbonate in the reaction 

HCl(aq) + NaHC0 3 (aq) - NaCl(aq) + C0 2 (g) + H 2 0(1) 
(Sodium bicarbonate, a weak base, is used because a strong base like sodium hydrox- 
ide can damage the resin.) A 10.0 wt% aqueous NaHC0 3 solution at 21°C pumped 
from the NaHC0 3 feed drum (Step 11) is augmented by a clean water stream at 60°C 
and the combined stream is fed to the tank. Enough bicarbonate solution is fed to neu- 
tralize all the HCI in the wetcake, and enough additional water is added to make a 15 0 
wt% CPVC slurry in the vessel. 

A pH controller monitors the neutralizer vessel contents and sends a signal to 
a flow control valve in the bicarbonate solution feed line if more or less solution is 
needed. The resin remains in the neutralizer long enough for even the HCI trapped 
m the resin pores to be neutralized. The neutralizer exit stream is a slurry containing 
15.0 wt% CPVC in an aqueous sodium chloride solution at 90°C and pH = 7. 

Steam fed to the vessel jacket maintains the contents at 90°C. At this temperature, 
the reaction proceeds to completion and essentially all of the carbon dioxide formed 
m the reaction between HCI and NaHC0 3 is driven out of the aqueous phase. The 
C0 2 leaving the resin neutralizer is recycled to the waste liquor neutralizer (Step 8) 
Step 11. The sodium bicarbonate solution fed to the resin neutralizer (Step 10) is produced by 
dissolving NaHC0 3 powder from 25-kg bags in clean water in the NaHC0 3 makeup 
tank, an agitated batch vessel. This makeup tank is not jacketed like the NaOH 
makeup tank, as the heat of solution of sodium bicarbonate is low enough for the 
heat generated in the tank to be neglected. Batches of solution are pumped from the 
makeup tank to the NaHC0 3 feed drum, and solution is pumped continuously from 
the feed drum to the resin neutralizer. 
Step 12. The slurry leaving the resin neutralizer goes to the product centrifuge. The dilute NaCl 
solution wrung from the resin in the centrifuge is cooled to 25°C in a heat exchanger 
The cooled solution combines with the effluent stream from the waste liquor neutral- 
izer (Step 8). 

Step 13. The wetcake from the product centrifuge, which contains 90 wt% CPVC, is conveyed 
to a rotary dryer. This unit functions like a clothes dryer. The resin is tumbled down an 
inclined, rotating drum with hot air flowing through the drum in the opposite direction 
Heat transferred from the air vaporizes most of the remaining water in the resin. The 
CPVC product resin emerges from the dryer at 120°C containing roughly 0.1 wt% 
moisture. 

Step 14. The humid air leaving the rotary dryer at 110°C, 1.3 atm, and 20% relative humidity 
is split into two streams. Ten percent of the air is vented to the atmosphere, and the 
other 90% is combined with makeup dryer air, heated in the indirect contact furnace 
described in the next step, and fed back to the rotary dryer (Step 13) 

Step 15. In the indirect contact furnace, natural gas containing 92.5 mole % methane, 4.8 mole% 
ethane, and the remamder propane is burned completely with excess air (combustion 
air). The dryer air feed stream (the combination of makeup dryer air and humid air 
recycled from the dryer outlet) passes through metal channels within the furnace com- 
bustion zone and then out of the furnace to the rotary dryer air inlet. The hot gases in 
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the furnace combustion zone heat the metal channel walls, and the walls in turn heat 
the dryer air. 

Step 16. The combustion products leave the furnace at 250°C and flow through the chlorine 
vapor heat exchanger (this stream is the flue gas referred to in Step 3) and then to a 
flare, where any carbon monoxide and residual hydrocarbons in the gas are burned 
and the products released to the atmosphere. The flare is a safety precaution: if the 
furnace operates as intended, the CO and hydrocarbon content of the flue gas should 
be negligible. 



PROBLEMS* 12.1. On an oversized page, draw a flowchart for this process. Label each stream with an identifying symbol 
(e.g., SI, S2, S3, . . .) and known information about what the stream is and/or what it contains [e.g., 
slurry, 10 wt% PVC in water; wetcake, 90 wt% CPVC, 10 wt %HCl(aq); 10 wt% NaHC0 3 (aq)]. 
12.2. On a second page (which you may find convenient to generate with a spreadsheet program), prepare 
a table to accompany the flowchart. The column headings should be the stream identifiers from the 
flowchart (SI, S2, S3, or whatever SYStem you used). The row labels should be as follows: T(°C), 
P(atm), PVC(kg/h), CPVC(kg/h), H 2 0(kg/h), Cl 2 (kg/h), HCl(kg/h), NaOH(kg/h), NaHC0 3 (kg/h), 
NaCl(kg/h), Na 2 C0 3 (kg/h), CH 4 (kg/h), C 2 H 5 (kg/h), C 3 H 8 (kg/h), 0 2 (kg/h), N 2 (kg/h), C0 2 (kg/h), 
TOTAL(kg/h). 

Begin by filling in all known quantities in the appropriate location in the table, and put dashes 
(_) in every cell of a stream column corresponding to species not present in that stream. There- 
after, whenever you determine the temperature, pressure, flow rate, and/or composition of a process 
stream, calculate and enter the corresponding values in the table. When you have worked through 
the entire case study, every cell should contain either a dash or a number. When doing mass/mole 
conversions, use 35.45 as the atomic weight of chlorine. 
123. In a page or less, summarize the overall process. In your summary, answer the following questions: 

(a) What is the reaction that this process is designed to carry out? 

(b) What are the feeds to the process? 

(c) What is the condition of the final product? 

(d) What other streams leave the process, what do they contain, and what happens to them? 

(e) Why is the process carried out? (What is the point of chlorinating PVC?) 

12.4. Neglecting the end groups, calculate the mass fractions of carbon, hydrogen, and chlorine in PVC 
and in the "67% CI" produced in this process. (The molecular structure of this product is shown in 
the section on PVC chlorination reaction chemistry.) 

12.5. The plant is to produce 3.5 X 10 6 kg/year of "67% CI." Assuming that the plant operates 300 days 
per year, 24 hours per day, calculate the required hourly feed rates (kg/h) of the 10 wt% PVC slurry 
and of Cl 2 (g) to the absorber and the production rate of hydrogen chloride (kg/h) in the chlorina- 
tion reactor. (Suggestion: Write balances around the system composed of the chlorine absorber and 
chlorination reactor.) 

12.6. Vapor pressure data for chlorine are given below. 



T(°C) 


-20.0 


-10.0 


0.0 


10.0 


20.0 


30.0 


40.0 


60.0 


80.0 


100.0 


p*(atm) 


1.78 


2.59 


3.64 


4.99 


6.69 


8.78 


11.32 


17.95 


27.04 


39.06 



(a) Use these data and the Clausius-Clapeyron equation (Equation 6.1-3) to estimate the heat 
vaporization of chlorine (kJ/mol) and to obtain an expression for p' Ch (T). 

(b) What is the operating pressure in the chlorine vaporizer (torr)? 

(c) At what rate (kW) must heat be added to the chlorine in the vaporizer? 



♦Problems 12.1-12.21 involve material from Chapters 2-6 of the text. Energy balance calculations (Chapters 
7-9) are required in Problems 12.22-12.29. 
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(d) What is the percentage difference between the calculated value of Ai? v and the one given in 
Table B.l? Why might the two values differ? (Think of several possible reasons.) 
12.7. Speculate on why chlorine is stored as a liquid rather than being purchased and stored as a gas at 
the absorber temperature (25°C), when storing it as a gas would eliminate the need for the chlorine 
vaporizer and possibly for the heat exchanger in the chlorine feed line. 

Problems 12.8-12.12 deal with the chlorine absorber, depicted in the following flowchart. 



m 0 (kg/h) 

0.10 kg PVC(s)/kg 
0.90 kg H 2 0(l)/kg 



^cijkg Cl,(g)/h] 




Pcij(atm) 
P Hj o(atm) 
25°C, P(atm) 



m p (kg polymer/h) 

,(kg Cl 2 /kg) 
(1 -* p )(kg PVC/kg) 



m a (kg liquid/h) 
* a (kg Cl 2 /kg) 
(1 --t a )[kgH 2 0(l)/kg] 
,25°C, />(atm) 



The chlorine fed to the tank dissolves in both the liquid phase and the polymer phase. The slurry 
inside the tank is well mixed, so that its composition is the same as the composition of the exiting 
stream. The head space above the slurry contains chlorine vapor in equilibrium with the dissolved 
chlorine in both condensed phases and water vapor in equilibrium with the liquid water in the aque- 
ous phase. The condition inside the absorber is shown schematically in the following diagram: 



Head space 

/?ci,(atm), /?H 2 o(atm) 
25°C,/>(atm) 


Polymer phase(solid) • 


Aqueous phase(liquid) 


x p (kg CI 2 /kg polymer) ' 


,<■ Jc a (kg Q 2 /kg liquid) 


(1 - x p )(kg PVC/kg polymer) 


(l-* a )[kgH 2 0(l)/kg liquid] 


25°C > • 


: " 25°C 



The following physical property data pertain to this system: 

• The solubilities of Cl 2 in PVC and in water are correlated by a form of Henry's law: 

* p (kg Cl 2 /kg PVC phase) = a p p Ch , x a (kg Cl 2 /kg aqueous phase) = a aPck 

where pa 2 is the partial pressure of chlorine in the head space. The coefficients a p and a a depend 
on the system temperature. 

• The solubility data shown below have been obtained for chlorine in PVC at 25°C: 



/?ci,(atm) 


0.75 


1.18 


1.23 


2.95 


3.03 


3.87 


4.82 


wt% Cl 2 


2.9% 


4.6% 


5.1% 


11.9% 


12.3% 


15.4% 


19.8% 



• At 25°C, chlorine gas is 2.68 times more soluble in PVC than in water for any chlorine partial 
pressure. 

• Raoult's law provides a good correlation of the equilibrium between liquid water and water vapor 
in the system. 

12.8. Use the given data to calculate the modified Henry's law coefficients, a p and a a , for chlorine in PVC 
and in water at 25°C. When determining a p , plot the solubility data to make sure that the Henry's 
law correlation is valid, and use the method of least squares to force a fit through the origin to obtain 
the slope of the plot. (See Appendix A.l.) 
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12.9. The flowchart for the absorber involves seven unknown variables (mo and m C \ 2 having been deter- 
mined in Problem 12.5). Write the seven equations you would use to calculate those variables, noting 
that the amounts of chlorine and water in the head space are constant and so do not enter into steady- 
state material balances. Then solve the equations. (Note: Trial-and-error will be required as part of 
the solution. An equation-solving program or spreadsheet is a convenient tool for performing the 
required calculations.) 

12.10. Starting with the mole fraction of dissolved chlorine in the aqueous phase calculated in Problem 12.9 
(.t a ), use Raoult's law to estimate the partial pressure of chlorine in the gas phase. What percentage 
error results from this estimation, presuming that the value of />ci 2 from Problem 12.9 is correct. 
Why is such a large error not surprising? 

12.11. The slurry occupies 70% of the total tank volume and the head space occupies the remaining 30%. 
The mean residence time of the slurry in the tank (which equals the volume of the slurry in the 
tank divided by the volumetric flow rate of the stream leaving the tank) is 12 minutes. Use this 
information, the quantities calculated in Problem 12.9, and the specific volume data given below to 
estimate the volume (m 3 ) of slurry in the tank, the head space volume, and the total tank volume. 

SpecificvolumeofPVC = 0.709 L/kg 
Specific volume of liquid water = 1.00 L/kg 

Specific volume of dissolved chlorine (in either PVC or water) = 0.690 L/(kg dissolved) 

12.12. Calculate the total mass of chlorine (kg) in the chlorine absorber tank, assuming ideal gas behavior 
in the head space. (Suggestion: Take as a basis of calculation a specified mass of slurry, calculate 
the volume your basis amount would occupy and the mass of chlorine it would contain, and scale the 
results to the actual volume of the slurry in the tank calculated in Problem 12.11. Then calculate the 
mass of chlorine in the head space.) 

12.13. List the reaction and mass transfer processes occurring in the chlorination reactor. (What reacts and 
what is formed? Which species diffuse into and out of the resin particles?) 

12.14. The length of the reactor is an important design parameter. What would be the drawbacks of making 
the reactor (i) too short, and (ii) too long? 

12.15. Hydrogen chloride is highly soluble in water and essentially insoluble in CPVC. Estimate the pH 
of the aqueous phase (hydrochloric acid) leaving the reactor, taking the density of this phase to be 
1.005 g/cm 3 and assuming that the HC1 dissociates completely into H + and Cl~. 

12.16. Recalling that the reactor centrifuge separates the slurry leaving the reactor into a wetcake that 
contains 90 wt% CPVC and a waste liquor stream of hydrochloric acid, calculate the mass flow rate 
of the wetcake and the mass flow rate and composition (component mass fractions) of the waste 
liquor. 

12.17. The wetcake leaving the reactor centrifuge is conveyed to the resin neutralizer, a jacketed reactor 
in which the hydrochloric acid is neutralized with a weak base, sodium bicarbonate: 

HCl(aq) + NaHC0 3 (aq) — NaCl(aq) + CO z (g) + H 2 0(1) 

The wetcake enters the neutralizer at 60°C. A stream consisting of a 10.0 wt% aqueous NaHC0 3 
solution at 21°C coming from the NaHC0 3 feed drum is diluted with water at 60°C, and the combined 
stream is fed to the resin neutralizer. The product slurry leaving the neutralizer contains 15.0 wt% 
CPVC and has a pH of 7.0. Steam circulated through the neutralizer jacket keeps the contents at 
90°C. Carbon dioxide is essentially insoluble in aqueous sodium chloride at this temperature, so 
that all of the C0 2 formed in the reaction may be assumed to be released from the neutralizer as a 
gas. Calculate the mass flow rates of the 10 wt% bicarbonate solution and the dilution water fed to 
the neutralizer, the mass flow rates of the CPVC slurry and the carbon dioxide stream leaving the 
neutralizer, and the mass fraction of NaCl in the product slurry liquid. (Reminder: When writing a 
balance on water, don't forget the water generated in the reaction.) 

12.18. CPVC is degraded by both strong acids and strong bases at elevated temperatures; acids corrode 
process units unless very expensive corrosion-resistant construction materials are used; and aqueous 
slurries with high solids content are difficult to pump. Use these facts to explain why the wetcake 
from the centrifuge is not sent directly to the dryer instead of going through the resin neutralizer, 
why sodium bicarbonate is used to achieve the neutralization, and why additional water is fed to the 
neutralizer. 



Problems 587 

12.19. The 10% sodium bicarbonate solution is made in the plant by adding two 50-lb m bags of NaHm 
powder to a batch delving tank filled to roughly 80% of its capacity From the dissolving ta£ the 
so ution is sent to a feed drum from which solution is pumped continuously to the res^eu Jat er 
It takes an operator four hours to make a batch of solution, pump the solution to the SedTurn^nd 
rinse the dissolvmg tank to prepare it for the next batch. The feed drum can hold a 15-Z sunnlv of 
solution. The addition of each new batch of solution brings the feed drum contents up to 3 ^ 
hour) supply, so that the plant can continue to run for at least 40 hours if the bicarbonate poidt 
inventory runs low or the dissolver is shut down for maintenance. (Note: The SlK 
10 wt% sodium bicarbonate solution is 1.08.) ' g ntt> ° f a 

(a) Calculate the feed drum volume (liters), the volume of solution made in each batch (liters) and 
the probable volume of the dissolving tank (liters). K 

(b) What is the minimum dissolving tank volume needed to meet the requirements of the process, 
assuming that roughly four hours would be required to prepare a batch of anv ske and K 
is always filled to 80% of its capacity? What are the benefits of using a larger tS* 

(c) Suppose the dissolver agitator breaks down just after an operator finishes transferrin a batch 
of solution to the eed drum and it takes 32 hours to repair the agitator. How qu £Sv Ln he 
operators replenish the 48-hour supply of soiutxon in the feed drum once the abator haTbeen 

boused? & * ^ ^ m ^ V ° lume Calculated * 

(d) The feed drum is outdoors. Neglecting dissociation of NaHC0 3 in solution, estimate the outside 
emperature ( C at winch freezing of the tank contents would become a concern. (Use Equation 

6.5-5.) The calculated temperature would be a conservative estimate, since dissociation of the 
salt would lower the freezing point of water even more. 
12.20. The slurry exiting the resin neutralizer, which contains 15.0 wt% CPVC in an aqueous NaCl solution 

CPVC and 10.0% solution and the effluent liquor contains the remainder of the enters solution 
Calculate the mass flow rates (kg/h) of both streams leaving the centrifuge. 
.21. In the waste liquor neutralize!, both the hydrochloric acid separated from the wetcake in the reactor 
centrifuge and the CG 2 generated in the resin neutralizer are neutralized with an aqueous so ution 
containing 10 wt% NaOH and also some dissolved NaCl and Na 2 C0 3 . 

HCl(aq) + NaOH(aq) — NaCl(aq) + H 2 0 
C0 2 + 2 NaOH — Na 2 C0 3 + H 2 0 

The exit stream from the neutralizer joins with the effluent liquor from the product centnfuoe Most 
of the combined stream is fed to a waste treatment facility, but a portion of it is fed to the NaOH 

N.OH? in f "I tank> l ° PreparC m ° re CaUStic feed solutlon for the neutralizer. Enough 
NaOH(s) is added to the makeup tank to bring the solution concentration back up to 10 wt% NaOH 

Each hatch prepared in this manner contains enough solution to supply the waste liquor neutralize; 

for eight hours of operation (one shift). When the NaOH pellets have completed dissolved and a 

batch is ready, a valve in the tank exit line is opened and the batch is fed by eravitv to the NaOH 

feed drum, from which solution is pumped continuously to the waste liquor neutralizer 

(a) Draw and label a flowchart for this part of the process. 

(b) Speculate on the reason that the HC1 must be neutralized 

(c) Calculate the required mass flow rate (kg/h) and composition (component mass fractions, of 
the caustic solution fed to the neutralizer, the mass flow rate and composition of the solution 

<M rTf t^T ' T ri^T ° f thC C ° mbined Salt Solution sent to the ^eup tank. 

(d) Calculate (i) the mass of solid NaOH (kg) required per batch of solution prepared in the tank, 

ana (n) the required tank size if the specific gravity of the exiting solution is 1.11 and a batch 
occupies 60% of the total tank volume. 

(e) Determine the metric tons of NaCl and Na 2 C0 3 that must be processed each vear in the waste 
treatment facility. (Recall that the plant operates 300 days per year.) 

22. Liquid chlorine at 22°C is pumped continuously to the chlorine vaporizer. The vaporization process 

SnTr/v hT h T f C r t0 dr ° p - Take the heat of vaporization of chlonne to be 
290 kJ/kg and the heat capacity of chlorine vapor lo be 0 48 kJ/(kg-°C) 

(a) The heat required to keep the exiting chlorine temperature at 5°C is supplied bv saturated 
steam at 2 bar (absolute) condensing in a coil submerged in the liquid chlorine in the tank. The 
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condensate emerges at the saturation temperature of the steam. Calculate the required rate of 
steam condensation. 

(b) If the vaporization process were adiabatic, what would be the temperature of the exiting chlo- 
rine vapor? (Suggestion: Take a basis of 1 kg of chlorine liquid at 22°C, calculate the enthalpy 
gain when chlorine vaporizes at that temperature, and equate it to the enthalpy loss when the 
vapor cools from 22°C to the adiabatic vaporization temperature.) Is the result physically pos- 
sible? 

12.23. The chlorine vapor leaving the vaporizer passes through an adiabatic expansion valve in which its 
pressure drops by 640 mm Hg and its temperature drops to 3°C. It then goes through a heat ex- 
changer in which its temperature is raised to 25°C, and from there it proceeds to the chlorine ab- 
sorber. Calculate the rate (kJ/h) at which heat must be transferred to the chlorine vapor in the heat 
exchanger, using the approximate heat capacity given in Problem 12.22. 

12.24. The stream leaving the chlorine absorber must be heated from 25°C to 50°C before it enters the 
chlorination reactor. The heat capacity of PVC is 1.2 kJ/(kg-°C) and the heat capacity of dissolved 
chlorine (in either PVC or water) is 0.96 kJ/(kg-°C). At what rate (kJ/h) must heat be transferred to 
the slurry in the reactor preheater? 

12.25. In the chlorination reactor, the feed slurry enters at 50°C and the products leave at 65°C Most of the 
heat generated by the reaction is transferred to cooling water flowing through a jacket surrounding 
the reactor. The cooling water enters at 15°C and leaves at 45°C. 

(a) What becomes of the heat generated by the reaction that is not transferred to the cooling water? 

(b) Using data given below and neglecting heat of solution effects, estimate the heat transferred to 
the cooling water (kJ/h) and the required flow rate (kg/h) of the cooling water. 

Data 

Heat of reaction at 50°C = -1770 kJ/(kg Cl 2 consumed) 

Heat capacity of CPVC = 1.9 kJ/(kg-°C) 

Average heat capacity of hydrochloric acid = 4.0 kJ/(kg-°C) 

(c) Estimate the temperature to which the product stream could rise if the cooling water flow were 
interrupted (i.e., if the reactor operation were to become adiabatic). List several serious prob- 
lems that could result if this situation arises. 

12.26. Batches of caustic solution for the waste liquor neutralizer are prepared by filling the NaOH makeup 
tank with the required amount of mixed salt solution at 25°C, then adding the required mass of 
NaOH pellets, also at 25°C (see Problem 12.21), and immediately starting an agitator to aid the 
dissolution process. When solid NaOH dissolves in water, a great deal of thermal energy is released. 
To keep the batch from getting too hot, cooling water initially at 15°C is pumped through the jacket 
surrounding the makeup tank. The dissolution is complete after four hours. The flow of coolant is 
continued after that point until the tank contents are brought back down to 25°C, whereupon the 
cooling water flow and the tank agitator are turned off and the batch is dumped to the NaOH feed 
drum. 

An integral energy balance on the tank contents from t - 0 to an arbitrary time t has the form 
Qt - W s t = ^NaOH 4° + M soln C p (r - 25) 

where 

£2(kJ/h) = rate of heat transfer from the tank jacket to the tank 
- W s (kJ/h) = shaft work, rate of addition of energy to the tank contents 
by the agitator 

NNaOH(mol NaOH) = g-mole of sodium hydroxide dissolved in the batch at time t 
A//°(kJ/mol NaOH) = heat of solution of sodium hydroxide at 25°C, obtainable 
fromTableB.il. 
Msoin(kg) = total mass of the tank contents at time t 
C p [kJ/(kg-°Q] = heat capacity of the solution. Assume independent of temperature. 
T(°C) = solution temperature at time t. 

(a) Heat is transferred from the tank to the coolant at an average rate of 2.5 X 10 5 kJ/h during the 
production of a batch of solution. The agitator has a maximum power rating of 20 kW. At the 
agitation rate used in the mixing process, about 65 % of the rated power is actually drawn, of 
which 80% is transferred as shaft power to the tank contents and the remaining 20% is lost 
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as wasted heat to the surroundings. Use this information to calculate the values of Q(kJ/h) and 
W s (k]/h) in the given energy balance equation. (Make sure the values have the correct signs ) 

(b) Calculate the temperature in the reactor at the moment the NaOH has completely dissolved 
(t - 4 h). Use heat of solution data from Table B.ll in your calculation and take the average 
heat capacity of the tank contents to be 3.8 kJ/(kg-°C). 

(c) How long must the cooling be continued after dissolution is complete to bring the solution tern 
perature down to 25°C? (Remember that the agitator is turned off during this phase of the 
operation.) What is the total time required to produce a batch from the moment the sodium 
hydroxide pellets are added? 

(d) Starting with the first law of thermodynamics for a closed system operating at constant pressure 
[£(kJ) - w 5 (kJ) = Att(kJ), where -W s is the total shaft work added to the system] derive the 
given energy balance equation by denning a suitable process path for the determination of AH. 

12.27. The CPVC wetcake leaves the product centrifuge at 80°C and 1 atm and is fed to the elevated end 
of a rotary dryer (a rotating cylinder inclined about 35° from horizontal). A fresh air stream at 27°C 
1 atm, and 60% relative humidity is mixed adiabatically with an air stream recvcled from the dryer 
exhaust, and the combined stream is heated in an air furnace and fed to the lower end of the drver 
Water evaporates from the wetcake moving downward in the rotating drum into the hot air moving in 
the opposite direction. The exhaust air leaves the dryer at 110°C, 1.3 atm, and 20% relative humiditv 
The dryer operates adiabatically. Ninety percent of the exhaust air is recycled, and the rest is vented 
to the atmosphere. The dried polymer resin leaves the dryer at 120°C containing 0.1 wt% water 

(a) In your own words, explain the purpose of this portion of the process. Your explanation should 
include statements about why the dryer must be tilted, why the air temperature drops as the air 
moves through the dryer, and why the preheater (air furnace) is necessary. 

(b) Draw and fully label a flowchart of this portion of the process, substituting known variable values 
from previous calculations and including the required rate of heat transfer to the air in the 
preheater in the labeling. Use molar flow rates and mole fractions when labeling gas streams 

(c) Carry out the process degree-of-freedom analysis to verify that enough information is available 
to determine all unknown stream flow rates and component mole fractions (air) and mass frac- 
tions (wet resin), the temperature of the air entering the dryer, and the heat transferred to the 
air in the furnace. Write, in order, the equations you would solve to determine the unknown 
variables, circling in each equation the variable for which you would solve. Use as references 
for enthalpy calculations solid CPVC at 80°C, liquid water at 0°C, and dry air at 110°C (all at 
1 atm), neglect the contribution of sodium chloride to the energy balance, use the steam tables 
to determine vapor pressures and the heat of vaporization of water, and use the following heat 
capacities: CPVC(s), 1.88 kJ/(kg-°C); dry air, 29.2 kJ/(kmol-°C); H,0(1), 4.2 kJ/ (kg-°C); H,0(v), 
34.0 kJ/(kmol-°C). Do not perform the calculations in this part. 

(d) Solve the equations of part (c) for the unknown stream flow rates, component fractions and 
temperature of the air entering the dryer, and rate of heat transfer to the air in the furnace (kW). 

12.28. In the dryer air furnace, a natural gas containing 92.5 mole% methane, 4.8% ethane, and the re- 
mainder propane is burned with 20% excess air. The fuel enters the furnace at 25°C and the air 
enters at 27°C, 1 atm, and 60% relative humidity. Essentially all of the fuel is consumed, and the flue 
gas contains a negligible amount of carbon monoxide. Heat is transferred from the hot combustion 
products through the furnace wall to the dryer air. The combustion products leave the furnace at 
250°C. Calculate the fuel feed rate (kg/h) required to achieve the heating rate calculated in Problem 
12.27(d). {Suggestion: Assume a fuel feed of 100 mol/s, calculate the energy transfer corresponding 
to this basis of calculation, and then scale the results to determine the actual fuel feed rate.) 
After several years of research, the company has developed a new grade of CPVC that contains 
70.0 wt% chlorine. The high softening temperature and nonflammability of the new material make 
it suitable for computer cabinets and other potentially profitable products. Plant engineering has 
determined that the plant can make both the old and the new grades of CPVC, converting the same 
total amount of PVC per year. The problem is to determine whether or not the production of the 
70% CI grade can be justified economically, and if it can, the fraction of the operating year that 
should be dedicated to producing each grade. 

PVC currently costs $0.70/kg and chlorine costs $0.15/kg. The 67% CI CPVC sells for $2.50/kg 
and 70% CI CPVC can be sold for $2.90/kg. The manufacturing costs of the two products (which 
include costs for equipment maintenance and replacement, personnel, utilities, and marketing but 
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do not include the costs of PVC and chlorine) are given by the following functions: 
C 67 ($/kg 67% CI CPVC) = 1.80 - (6.0 x 10" 8 )M 67 
C 70 ($/kg70% CI CPVC) = 1.85 - (5.0 x lO^Myo + (4.0 X 10- 14 )(M 70 ) 2 

where A/ 67 (kg) and M 70 (kg) are the masses of each product produced. The second term of each func- 
tion accounts for the fact that some manufacturing costs (like salaries) are relatively independent of 
how much product is produced, and so the cost per kilogram of product (C) decreases as the amount 
of product produced (Af ) increases. The third term of the second function is a penalty for producing 
too much of the new product, reflecting costs of additional advertising, sales staff retraining, and 
additional technical support. (These added costs are expected to disappear after about three years.) 

(a) PVC contains 38.4 wt% carbon and 56.8 wt% chlorine; 67% CI CPVC contains 29.4 wt% carbon 
and 67.6 wt% chlorine; and 70.0 wt% CI CPVC contains 27.4 wt% carbon and 70.0 wt% chlorine. 
Calculate the total chlorine consumption (kg/year) required to produce each grade of CPVC. 

(b) Let X equal the fraction of the 300-day year in which 67% CI CPVC is produced and (1 - X) 
the fraction in which 70% CI CPVC is produced. Derive an expression for the gross annual 
profit [ P(X) = sales revenue - raw material cost - manufacturing cost], assuming that all CPVC 
produced can be sold. Then determine the optimal value of X (the value that maximizes P ) and 
the corresponding percentage increase in P over the profit attained if only 67% CI CPVC is 
produced. 

(c) There is another complication. If the plant produces the new material for more than 30% of the 
year, there will be insufficient 67% CI polymer to sell to existing customers. Marketing could put 
all customers on reduced allocation (so that all customers get a fixed percentage of the quantity 
they have received in the past), but the company could risk losing the business of its biggest 
customers. Alternatively, the company could continue to supply its biggest customers and stop 
selling the 67% material to some small customers. Unfortunately, most of the small customers 
have optimized their processes to use this polymer, and the cost of adapting their processes to 
a different polymer may be high enough to drive them out of business. Discuss these and other 
options available to the company, make a recommendation, and explain your reasoning. 
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The industrial capacity for worldwide production of methanol in 1994 was 2 42 X 10 7 metric 
tons per year, 2 about 85% of which was used as a starting material in the production of other 
chemicals or as a solvent. 3 Methanol is used as a raw material in the manufacture of formalde- 
hyde, acetic acid, methyl rm-butyl ether (MTBE), dimethyl terephthalate, methyl chloride 
methyl amines, and many other chemicals. It can also be used as a clean-burning fuel. 

Processes for manufacturing methanol have evolved over time and the history provides 
an informative perspective on the link between improving technology and the economics of 
the chemical business. 4 During the 1800s and early 1900s, methanol was produced primarily by 
the dry distillation of wood, and it is still sometimes referred to as "wood alcohol '* In 1913 
BASF successfully synthesized methanol by reacting carbon monoxide and hydrogen over a 
zinc chromite catalyst at high temperatures and pressures (320°C to 450°C; 25 to 35 MPa) At 
that point, the industry shifted abruptly from wood-based to catalyst-based' technologies using 
synthesis gas (i.e., a mixture of CO, C0 2 , and H 2 ) as feedstock. This revolution in process 
technology dramatically decreased the cost of producing methanol, and production volumes 
greatly increased. 

In 1966, ICI commercialized a methanol process using a much more active copper-zinc 
oxide catalyst. Although the activity of this catalyst is more sensitive to impurities (poisoning) 
the copper-zinc oxide-based technology uses more moderate temperatures and pressures (200° 
to 300°C; 5 to 10 MPa) than the zinc chromite technology, thereby significantly reducing man- 
ufacturing costs. Many producers now offer the copper-zinc oxide catalyst and that technology 
currently dominates the worldwide methanol industry. 



'Prepared by Ronald W. Rousseau and Brian Keyes, Celanese Ltd., Corpus Christi, TX. 
2 Chemical Marketing Reporter, p. 3, Apr. 4, 1994. 

'E. Fiedler, G. Grossman, B Kersebohm, G. Weiss, and C. Witte, Methanol, in Ullmann's Encyclopedia of Indus- 
trial Chemistry, 5th Edition, Vol. A 16, Wiley- VCH, New York, 1990, p. 465. 

<R I Hawkins R. J. Kane, W E Slinkard, and J. L. Trumbley, Methanol, in Encyclopedia of Chemical Processing 
and Design, J. J. McKetta and W. A. Cunningham, Eds., Vol. 29, Marcel Dekker, New York 1988 p 418 
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There are different types of adiabatic and nonadiabatic methanol synthesis reactors used in 
industry. Some are shell-and-tube reactors that are designed to remove heat from the reaction 
side (in the tubes) by boiling water on the shell side. Others use the shell side for reaction and 
the tube side for preheating the feeds. In the quench-style reactor, which is the focus of this 
chapter, the synthesis gas reacts in successive adiabatic catalyst beds. In each catalyst bed, the 
exothermic chemical reactions increase the temperature of the reactor gases by 40°C to 90°C. 
Between beds, fresh feed at a lower temperature is injected and blended with the hotter reactor 
gases. This form of direct-contact cooling is used to control the temperature in the reactor beds, 
thereby protecting the catalyst and limiting the formation of by-products. Regardless of the 
reactor style, single-pass conversions of CO and COt are moderate (e.g., 30% to 70%). 

Commonly, methanol plants are very large. The rationale for this is based on a number 
of factors, including the decrease in capital costs per unit of product with an increase in the 
capacity of the plant (See, for example, R. H. Perry and D. Green, Perry's Chemical Engineers' 
Handbook, 7th Edition, McGraw-Hill, New York, 1997, pp. 9-63ff.). A modern methanol plant 
can produce 3 x 10 5 to 8 X 10 5 metric tons per year of specification-grade methanol (>99.85 
wt% methanol), and the synthesis gas from which methanol is generated can be produced from 
a variety of raw materials, including natural gas, petroleum residues, coal, and naphtha. Natural 
gas feedstock accounts for 70% of worldwide methanol capacity, 5 and it is the manufacture of 
methanol from natural gas feedstock that will be described here. 

PROCESS DESCRIPTION 

Incompletely labeled flowcharts for the overall process and simplified versions of the reformer, 
heat-recovery and compression, and converter loop units are given in Figures 13.1 through 13.4. 
Below we provide a process description that includes details that may be added to the process 
and/or unit flowcharts. 

Reformer 

A mixture of carbon monoxide, hydrogen, and carbon dioxide is produced by steam reform- 
ing, a process in which natural gas and steam are mixed and reacted in a reformer operated at 
1.6 MPa. Natural gas may be assumed to consist entirely of methane (CH 4 ), although other 
compounds may be present in small concentrations. In the present process, steam and natural 
gas are fed to the reformer in a ratio of 3.0 moles of steam per mole of methane. The reformer 
consists of an arrangement of vertical tubes filled with nickel-impregnated ceramic catalyst. 
Rows of these tubes are located inside an insulated firebox, where they are heated by the com- 
bustion of natural gas. 

The natural gas and steam that are blended to become the reformer feed enter the pro- 
cess at 30°C and 210°C, respectively. The mixture is preheated to 450°C by exhaust gas from 
the firebox, and it is introduced to the reformer through a header that distributes the mixture 
evenly among the parallel reformer tubes. Two key reactions occur: the steam-reforming reac- 
tion itself, 

CH 4 + H 2 0(g) — CO + 3 H 2 (13.1) 
and the water-gas shift reaction, 

CO + H 2 0 — C0 2 + H 2 (13.2) 

The product gas leaves the reformer at 855°C and 1.6 MPa. 

Energy efficiency in steam reforming is improved by recovering heat from the burner 
exhaust gas, which leaves the firebox at 960°C. The exhaust gas is cooled in a series of 



5 L. W. Wade, R. B. Gengelback, J. L. Trumbley, and W. L. Hallbauer, Methanol, in Kirk-Othmer Encyclopedia 
of Chemical Technology, 3rd Edition, Vol. 15, Wiley, New York, 1981, p. 398. 
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Figure 13.1 Flowchart for overall methanol synthesis process. 
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Figure 13.2 Detailed schematic diagram of reformer. 
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heat-exchange operations that preheat the reformer feed streams to 450°C, produce super- 
heated steam at 4.8 MPa and 100°C superheat from boiler feedwater at 30°C, and preheat the 
combustion air to 300°C. The superheated steam is used to drive turbines elsewhere in the pro- 
cess or it can be exported, for example to generate electricity. The burner exhaust gas leaves 
the heat-recovery units and enters a stack at 150°C for release to the atmosphere. 



Heat Recovery and Compression 

The product gas leaving the reformer contains water that should be removed to reduce the 
amount of gas that must be compressed and to minimize the impact on subsequent conver- 
sion of CO to methanol. Heat is removed from the gas by generating superheated steam (at 
4.8 MPa, 100°C superheat), cooling the gas to 15°C above the temperature of the generated 
steam. Then, three steps occur in recovering heat and, concomitantly, reducing the water con- 
tent: first, heat recovery for use elsewhere in the process; second, cooling by ambient air in 
an air cooler; and third, use of cooling water to reduce the temperature of the synthesis gas 
to 35°C. Condensed water is separated from the gas in each of these steps and collected in a 
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Converter Loop 



condensate drum. With much of the water now removed, the product can properly be referred 
to as synthesis gas. 

The makeup gas (MUG) compressor increases the pressure of the synthesis gas from 1 6 
MPa to 7.5 MPa in two stages so that it can be injected into the converter loop. Between com- 
pressor stages, cooling water is used to reduce the temperature of the gas to 100°C, and any 
condensate formed is removed. The compressed synthesis gas is introduced into the converter 
loop, where it is combined with recycle gas. 



The converter loop consists of a recycle compressor, whose primary purpose is to provide the 
pressure head required for the gas to flow through the system, the methanol synthesis reactor 
(MSR), heat exchangers, a methanol condenser, and a gas-liquid separator (flash drum) The 
mixture that is to become the feed to the MSR consists of recycle gas and fresh synthesis gas 
After the recycle gas and fresh synthesis gas are blended, the mixture flows through the recy- 
cle compressor and then is heated to 130°C by a partially cooled product stream leaving the 
MSR. (The partial cooling will be described later.) The recycle compressor is sized to circulate 
the recycle stream at a rate that is 7.8 times the rate at which fresh synthesis gas is fed to the 
converter loop. The blended recycle-fresh feed mixture leaving the heat exchanger following 
the compressor is split into two streams: one, containing 30% of the mixture, is sent to another 
heat exchanger where its temperature is raised to 220°C by a fraction of the product stream 
from the MSR and injected into the first stage of the MSR; the remaining 70%, which is still at 
130°C, is injected at various locations along the MSR. 
The key reactions occurring in the MSR are 

CO + 2H 2 ^CH 3 OH(g) (13.3) 
C0 2 + 3 H 2 ^ CH 3 OH(g) + H 2 0(g) ( i 3 .4) 
C0 2 + H 2 ^ CO + H 2 0(g) (13.5) 

Note that the reaction in Equation 13.5 is the reverse of the water-gas shift reaction in Equa- 
tion 13.2. " H 

The product gas leaving the MSR is partially cooled by being split into two streams, each 
of which passes through a heat exchanger before being recombined; one is used to heat the 
feed stream to the first stage of the MSR to 220°C, and the other passes through a waste-heat 
recovery unit. The recombined product stream is cooled further in an air-cooled exchanger 
before being brought to 35°C by cooling water. At 35°C, a liquid consisting of the condensed 
methanol and dissolved gases is separated from the gas stream in a flash drum and sent to a 
methanol purification unit. The uncondensed gases are split, with a portion being purged from 
the system and the remainder forming the recycle gas that is blended with fresh synthesis gas 
to form the feed to the recycle compressor. 

After the condensed crude methanol is recovered in the high-pressure separator, it is sent 
to a methanol purification column. Typically, methanol purification requires two columns, one 
to remove the light ends (mainly by-products generated in the methanol synthesis reactor such 
as dimethyl ether and dissolved gases) and another to separate methanol and water and any 
other by-products with a lower volatility than methanol. Specification-grade methanol (greater 
than 99.85 wt% methanol) is recovered as the overhead product of the^heavy ends column and 
sent to storage. 



PROBLEMS Your company is considering the purchase of a plant that uses the previously described technology 

The company from which the purchase may be made has indicated that the plant will produce 4 3 
x 1(P metric tons per year of specification-grade methanol. The plant may be assumed to operate 
350 days per year. 
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You have been asked to perform an analysis that will be a key part of determining the price that 
will be offered for the piant. The most important objectives in completing the assignment are: 

• To quantify flow rates and compositions of streams in the process. 

• To determine energy and raw materials requirements. 

The following problems have been formulated in strategy sessions by the team negotiating the pur- 
chase and should be helpful in completing your task. The ordering of the problems follows the pro- 
gression of the process (i.e., from reformer through to methanol separation and purification). As you 
structure your work efforts, you may find it possible to solve or at least set up solution procedures 
for problems late in the sequence while simultaneously developing skills required to solve earlier 
problems. 

13.1. The process objective can be described most simply as converting methane and water into methanol 
and hydrogen, and then purifying the methanol so that it meets specifications. The overall process 
stoichiometry is given by the following relationship: 

CH4 + H 2 0 — CH3OH + H 2 

From this statement, estimate the feed rates of the natural gas (kmol/h, SCMH) and steam (kmol/h, 
kg/h) fed as reactants (as opposed to fuel) to the reformer. (Note: The requested estimate neglects 
formation of by-products and the carbon monoxide and carbon dioxide lost in the purge stream.) 

13.2. Five percent excess air is used in burning the reformer fuel; it is drawn into the system at 30°C and 
70% relative humidity. Estimate the average molecular weight of the air. Why does it differ from the 
value of 29 determined in Example 3.3-4 even though the ratio of nitrogen to oxygen is the same? 
Determine the flow rate of this stream (kmol, m 3 ) per kmol of natural gas burned. 

13.3. What are the compositions (mole and mass fractions) and volumetric flow rates (m 3 /kmol CH4 fed 
to burners) of (a) the effluent gas from the reformer burners and (b) the gas entering the stack? 
What is the specific gravity, relative to ambient air (30°C, 1 atm, 70% rh), of the stack gas as it enters 
the stack? Why is this quantity of importance in designing the stack? Why might there be a lower 
limit on the temperature to which the gas can be cooled prior to introducing it to the stack? 

Use a methane feed rate to the reformer of 1600 kmol/h as a basis for subsequent calculations. When 
all calculations have been completed, scale the results based on the required production rate of 
specification-grade methanol. 

13.4. The primary purpose of the reformer is to convert methane and water to carbon monoxide and 
hydrogen (Equation 13.1). The extent of this reaction is limited by chemical equilibrium. 6 

= P 2 (13.6) 

>'CH 4 yH 2 0 



where log 10 K mi = ~JJk) + 111927 (13,7) 

Subscript 13.1 refers to the steam-reforming reaction (Equation 13.1), y, is the mole fraction of 
species i , P is the system pressure (atm), and T is the temperature (K). 

(a) If Equation 13.1 were the only reaction occurring in the reformer, estimate the composition of 
the product gas that would be leaving the reformer and the conversion of CH 4 , assuming the 
product stream has achieved chemical equilibrium at 855°C and 1.6 MPa. What would be the 
total flow rate of this stream (kmol/h, kg/h)? 

(b) It is specified that the molar ratio of steam to methane fed to the reformer is 3.0, whereas the 
stoichiometric ratio for the reforming reaction (Equation 13.1) is 1 mole of water per mole of 
methane. Estimate the conversion of methane for steam-to-methane feed ratios of 1:1 and 2:1, 
and compare these to the conversion in part a. Based on your results, explain in your own words 
why you think the ratio of 3 moles of steam per mole of methane was chosen for the process. 



6 P. L. Morse, Hydrocarbon Processing, 52(1): 113, 1973. 
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13.5. As pointed out in the Process Description, the water-gas shift reaction (Equation 13.2) occurs in 
the reformer along with the reforming reaction (Equation 13.1). It too is controlled by chemical 
equilibrium. 

k p»2 = ~ — Z. ~ (13.8) 

^COVHiO 

1197 8 

•ogio^m = Y(K) ~ L6485 < 13 ' 9 > 
where the nomenclature is analogous to that in the preceding problem. 

(a) Taking into account the occurrence of reactions given by both Equations 13.1 and 13.2, estimate 
the composition of the product gas leaving the reformer and the conversion of CH 4 , assuming 
the product stream leaving the reformer has achieved chemical equilibrium at 855°C and 
1.6 MPa. What is the total flow rate of this stream in both kmol/h and kg/h? What effect does 
the water-gas shift reaction have on the production of CO at the reformer conditions? 

(b) The ratio of CO to H 2 can be an important variable in efficient use of raw materials. In this case 
study a 3:1 steam-to-methane molar ratio of feed streams was specified. Determine how this 
feed ratio affects the ratio of CO to H 2 in the product from the reformer assuming the reaction 
products are in chemical equilibrium at 855°C and 1.6 MPa. 

13.6. Quantitatively demonstrate that high temperatures and low pressures favor the formation of CO 
and H 2 in the reformer. Do this by calculating and then plotting the production rates (kmol/kmol of 
CH 4 fed) of CO and H 2 in the reformer product stream over the temperature range 750°C to 950°C 
at 1.2, 1.6, and 2.0 MPa. Furthermore, construct plots showing the effect of temperature and pressure 
on selectivity (defined as kmol CO formed per kmol C0 2 formed) over the same range of conditions. 
Assuming that your results support the hypothesis that high temperatures and low pressures favor 
the formation of CO and H 2 , speculate as to why the temperature and pressure are at the values 
specified in the Process Description (855 C C and 1.6 MPa) rather than at a higher temperature and 
lower pressure. 

13.7. The reformer product gas leaves the reformer at 855°C. 

(a) Using the flow rate of the product gas determined in Problem 13.5, calculate the rate (kJ/h) 
at which heat must be transferred from the combustion gases to the gases flowing through the 
inside of the reformer tubes. 

(b) What is the required flow rate of natural gas (kmol/h and SCMM) to the reformer burners? 
Assume that the natural gas is burned to completion in the reformer firebox and that the com- 
bustion gases leave the firebox at 960°C. 

(c) The thermal efficiency of the firebox may be defined as the percentage of the lower heating value 
of the fuel transferred to the reformer gases. Estimate the lower heating value of methane and, 
assuming the combustion gases leave the firebox at 960°C, the corresponding thermal efficiency 
of the firebox. 

13.8. The heated tube length in the reformer is 10 m and the external diameter of the tubes is 10.5 cm. 
If the rate of heat transfer (Q) from the combustion gases in the firebox to the reformer gases were 
accomplished entirely by convection, 7 the following equation would apply: 

Q = U„A 0 AT lm 

where U„ is an overall heat transfer coefficient based on the external surface area of the reformer 
tubes in the firebox, A„ is the total external surface area of the tubes, and A7 /ra is an average dif- 
ference between temperatures of the heat source (combustion gases) and the heat sink (reformer 
reaction gases): 

(A7"i - A7 2 ) 



A7„ 



ln(A7VAr 2 ) 



where A7"i and A7 2 are differences in temperature between the reformer gas and combustion gas 
at the inlet and at the outlet of the firebox. If the combustion gases are assumed to have a constant 



'Convection is a heat transfer mechanism involving bulk movement of fluid at an elevated temperature to a 
region of lower temperature. 
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temperature in the firebox of 960°C (i.e., they are perfectly mixed), and U, « 50 Btu/(°F-ft 2 -h), 8 
what is the required number of tubes in the firebox? In fact, a large fraction of the heat transferred 
to the tubes is accomplished by a mechanism other than convection. What is that mechanism? (Hint: 
Think of your experience in being close to a flame associated with combustion of natural gas.) What 
will consideration of this additional mechanism mean in terms of the number of tubes required in 
the firebox? 

13.9. Operating data from the plant are available for a past period of operation. For that period, the plant 
operators determined the composition of the reformer product gas by sampling the product gas 
stream and analyzing it with a gas chromatograph. The overall flow rates of the methane and steam 
feed streams and of the product stream were determined from calibrated flow meters. Collected data 
show that the stream leaving the reformer was at 900°C and 1.6 MPa. 

(a) Component flow rates shown in the table below were calculated from the measured composi- 
tions and flow rates. Assuming the temperature, pressure, flow rate, and composition measure- 
ments are accurate, has the product gas reached equilibrium? 

(b) If the calculations in part (a) are inconsistent with the product gas being at equilibrium, give at 
least two possible reasons and suggest steps by which your hypotheses can be tested. 





Inlet 


Outlet 


Component 


(kmol/h) 


(kmol/h) 


Methane (CH 4 ) 


1600.0 


203.6 


Carbon dioxide (CO2) 


0.0 


500.0 


Carbon monoxide (CO) 


0.0 


896.4 


Hydrogen (H 2 ) 


0.0 


4689.2 


Water (H 2 0) 


4800.0 


2903.6 



The generation of steam from the heat produced in the reformer is essential for economic viability 
of this energy-intensive operation. 

(a) At what rate (kg/h) is superheated steam at 4.8 MPa and 100°C superheat generated by recov- 
ering heat from the reformer combustion gases? The superheated steam is formed from boiler 
feed water at 30°C and 4.8 MPa. 

(b) How much additional superheated steam (at 100°C superheat and 4.8 MPa) is produced by 
cooling the hot synthesis gas leaving the reformer? 

(c) The process specification states that the hot synthesis gas is to be cooled in the steam generator 
to 15°C above the temperature of the superheated steam in the waste-heat boiler. Provide both 
an advantage and a disadvantage to changing this specification so that the synthesis gas is cooled 
to within 5°C of the generated steam. 

Assume that CO, C0 2 , H 2 , and CH 4 are insoluble in liquid water. 

(a) Determine the dew-point temperature of the product gas from the reformer at 1.6 MPa. 

(b) What is the composition of the gas stream after the reformer gas has been cooled and equili- 
brated at 1.6MPa and 35°C? At what rate (kg/h) has water been removed from the stream? 

(c) Suppose that one-third of the total water removal determined in part (b) occurs in each of the 
units (waste-heat recovery, air cooler, water cooler) preceding the makeup gas compressor. Es- 
timate the temperatures of the gas and liquid streams leaving each condensate recovery drum 
in this part of the process. At what rate is heat removed (kJ/h) in the waste-heat recovery, air- 
cooler, and water-cooler units? Speculate on why heat removal is done in stages; in other words, 
why not use either air or cooling water alone to reduce the temperature? 

Each compressor stage in the MUG compressor unit operates adiabatically. If ideal gas behavior is 
assumed, the temperature of the gas leaving each compressor stage [T om ) is given by the expression 

/ p 



13.10. 



13.11. 



13.12. 



8 We recognize that American engineering units have been introduced here, but many common references still 
present process parameters in such units. 
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where To,,, and T m are absolute temperatures, P out and P in are absolute pressures, and k is C p C, = 
1.4. The ratio of outlet to inlet pressures is the same for each compressor stage. Determine if water 
condenses as the synthesis gas is cooled between stages of the makeup gas compressor. At what rate 
is heat removed between compressor stages? What is the composition (mole fractions) and flow rate 
(kmol/h and m 3 /min) of the synthesis gas as it enters the converter loop? 

13.13. For the purpose of analyzing the effects of recycle on process economics, consider a variation from 
the process flowchart that takes the synthesis gas leaving the MUG compressor directly to the MSR. 
Suppose that the synthesis gas fed to the MSR is 5 mole% methane. 25% CO, 5% CO-, and the 
remainder hydrogen, and that the product stream leaving the MSR is at 250°C and 7.5 MPa. Also, 
for the time being, ignore all reactions in the MSR except for that given by Equation 13.3. which is 
governed by the equilibrium relationship: 

v - - v ch 3 oh K*u3 

K "n.i ~ " v 2 ~pT (13-10) 

ycoy H , r 



where 



/ 9143 6 

tf aiM = exp 21.225 + -y— - 7.492 In T + 4.076 X 10" J r - 7.161 X 10" s r : I (13.11) 

T is temperature in K. P is pressure in atm, and A^ n3 is a term that accounts for deviations from 
ideal gas behavior. Assume K^ 33 = 1.0 and determine the composition of the product stream 
from the MSR and the conversions (%) of CO and H 2 . Based on these results, comment on the 
rationale for the recycle loop discussed in the process description. 

13.14. Again consider the modified system configuration described in the previous problem and estimate 
the effects of temperature and pressure on conversion. Do this by calculating CO and H conversions 
and methanol production for the following conditions: 



r(°c) 


250 250 


200 


300 | 


P(MPa) 


5 10 


7.5 


7.5 



Describe qualitatively the effects of pressure and temperature on conversion, and suggest reasons 
for using the intermediate values of the process description. 

13.15. As covered in the Process Description, there are three primary reactions that occur in the MSR. 
These are given by Equations 13.3, 13.4, and 13.5. However, determination of chemical equilibrium 
among the species H 2 , CO, C0 2 , H 2 0, and CH 3 OH involves only two of the three reactions because 
each reaction is a linear combination of the other two. Cherednichenko 9 gives an approximation for 
the equilibrium relationships in Equation 13.3 (see Problem 13.13) and in Equation 13.5: 

K ans = exp ^13.148 - - 1.077 In T - 5.44 X 10 _4 r + 1.125 X 10~T 2 + j (13.12) 

The equilibrium constant K ans is defined by the relationship 

K "ns = 7~~ K <his (13.13) 
yco 2 >H : 

where T is in kelvin and A^ U5 accounts for nonideal behavior of the gas phase. 

(a) As in Problems 13.13 and 13.14, suppose the synthesis gas leaving the MUG compressor is fed 
directly to the MSR and that the composition of this gas is 5 mole% methane. 25% CO. 5 % CO ; . 
and the remainder hydrogen. The product stream leaving the MSR is at 250°C and 7_5 MPa and 
you may assume A'^. 3 = = 1.0. Again determine the conversions of CO and H : with this 
process configuration, and use these results to justify utilization of the recycle loop. 



9 V. M. Cherednichenko, Dissertation, Karpova, Physico Chemical Institute, Moscow. U.S.S.R.. 1955 



600 Chapter 13 Steam Reforming of Natural Gas and Subsequent Synthesis of Methanol 

(b) Show that removal of water from the reformer product gas minimizes the impact on conversion 
of CO to methanol by determining the effect on CO and H 2 conversions and selectivity as de- 
fined by moles CH 3 OH formed per mole of CO reacted if the given composition of MSR feed 
gas in part (a) is on a dry basis and the stream itself contained 5 mole% water. 

13.16. A situation often encountered with thermodynamic data is that different sources may present dif- 
ferent correlations for a given quantity. In this case study, for example, two different expressions 
are given for the equilibrium constant for the water-gas shift reaction. Equations 13.9 and 13.12. By 
what percentages do the conversions of CO and H 2 and production of methanol differ if, instead of 
using Equation 13.12 in Problem 13.15(a), Equation 13.9 is used. Provide at least two reasons for 
the variations in the two equations for the water-gas shift equilibrium constant. 

13.17. Values of A^ U3 and K^ Ui can deviate significantly from unity; typical values for K^ U3 range from 
0.7 to 0.9 at a pressure of 7.5 MPa and typical MSR temperatures from 200°C to 320°C, while val- 
ues for range from 0.8 to 0.95. Estimates of may be obtained from an equation of state, 
but such calculations are beyond the scope of the present discussion. 10 Furthermore, computational 
alternatives often require a choice between simplified and more realistic, but complex, models. An 
instance that illustrates this situation is estimation of K 4>133 and ^ 133 for use in determining reaction 
equilibrium constants. 

(a) What physical model is invoked if it is assumed that Kj, n3 = /^ l35 = 1.0? 

(b) In the calculations of Problem 13.15, K^ 33 and K <t>ns were taken to be 1.0. Determine the sig- 
nificance of the ideal gas assumptions by reestimating the conversions of CO and H 2 first with 
^ 133 = 0.7and/^ 135 = 1.0, then with ^ 133 = 1.0and/Q,, 35 = 0.8, and finally with K^ 3 , = 0.7 
and K^ us = 0.8. 

(c) From the preceding parts of this problem, what would be your decision (and why?) regarding 
inclusion of methods to estimate K^ 33 and AT^ 135 in the process analysis? 

13.18. You need to examine various ways of controlling the temperature in the MSR because the catalyst 
is sensitive to high temperatures and it has been reported that elevated temperatures lead to the 
production of unacceptable by-products. In the analysis, suppose that the feed gas to the MSR is 5 
mole% methane, 25% CO, 5% C0 2 , and the remainder hydrogen, and that the MSR operates at 7.5 
MPa. Take ^, 33 = K^ ns = 1.0. 

(a) Determine the temperature of the stream leaving the MSR if no heat is removed from the re- 
actor (i.e., it is operated adiabatically), the CO conversion is 45%, the C0 2 conversion is 30%, 
and all of the feed enters the top of the MSR at 210°C and 7.5 MPa. 

(b) How much heat must be removed from the MSR in part (a) to ensure that the temperature does 
not exceed 250°C? Give your answer in kJ/kmol of feed. 

(c) Repeat the calculations in part (a) if 70% of the total feed to the MSR enters as quench streams 
(see the Process Description) at 130°C and 7.5 MPa, while the remainder enters the top of the 
converter at 210°C Assume the exit pressure is 7.5 MPa. 

(d) Suppose that 70% of the feed to the MSR enters as quench streams at 130°C and 7.5 MPa, while 
the remainder of the feed enters at the top of the converter at 210°C. Determine the equilibrium 
conversions of CO and C0 2 if the MSR is to operate adiabatically. 

13.19. In terms of Le Chatelier's Principle, explain why steam reforming is done at low pressures while 
methanol synthesis is performed at moderate to high pressures. Explain why reforming is done at 
high temperature and methanol synthesis is performed at low to moderate temperatures. 

13.20. Perform an analysis of the converter loop by determining the composition and flow rate of the purge 
stream using a basis of 100 kmol of feed from the MUG compressor. 

(a) Assume that the feed has a composition that is 3 mole% methane, 8% C0 2 , 15% CO, and the 
remainder hydrogen. 

(b) Revise the feed composition to that calculated in Problem 13.12. As given in the Process De- 
scription, the molar flow rate of material to the MSR is 7.8 times the flow rate of fresh feed. 
To simplify calculations, assume that the liquid leaving the flash drum contains no methane, 

C0 2 , CO, or hydrogen and that the gas contains no water or methanol. The single-pass conversions 



10 T. Chang, R. W. Rousseau, and P. K. Kilpatrick. Industrial and Engineering Chemistry Process Design and 
Development, 25,477 (1986). 
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of CO and C0 2 are 15% and 10%, respectively. You may be assisted in your calculations by as- 
suming flow rates of components in the recycle stream mixed with fresh synthesis gas entering the 
converter loop. In this approach the recycle stream is known as a tear stream, and an iterative solu- 
tion will be required to determine the requested values. Such calculations are easily performed using 
a simulation program of the type described in Chapter 10, or you may write your own program or 
spreadsheet to obtain the desired results. If you develop a spreadsheet to perform the calculations, 
direct substitution of calculated values of component flow rates in the tear stream for new estimates 
may suffice. (This is the method of successive substitution described in Appendix A.2.) 

13.21. The purge stream may be used to replace a portion of the methane burned in the reformer. Assumine 
that the purge gas is at 35°C and that it is fed directly to the reformer burners with 5% excess air 
at 300°C, how much heat would be released per 100 kmol of purge gas? Estimate the savings ($ per 
kmol of purge gas) if the purge stream is used in place of natural gas for fuel. (Take S3 per million 
Btu as the approximate cost of natural gas.) 

13.22. How much heat must be removed to cool the reaction products from the MSR to 35°C? Express 
your answer in kJ/kmol of reaction products from the MSR. 

13.23. The liquid leaving the flash tank in the converter loop is fed to a distillation column in which 
specification-grade methanol is produced. The column is designed to recover 95% of the methanol 
in an overhead stream that is 99.85 wt% methanol. The remaining methanol and water leave the 
distillation column in a bottom stream. Estimate the flow rates of the overhead and bottom streams 
(kmol/h and kg/h) and the composition (mole fractions) of the bottom stream. 

13.24. Scale the results of your calculations in Problems 13.5(a); 13.7(a),(b); 13.10(a),(b): 13.20(b): 13.22: 
and 13.23 so that the quantities requested in each correspond to the specified production rate of 
methanol. 



Additional Problems and Issues 

13.25. Relax the assumptions regarding the split of components at the flash tank by incorporating the infor- 
mation below into your calculations. Using all other conditions given in Problem 13.20. reestimate 
the composition and flow rate of the purge stream. We have the following K values at the high- 
pressure separator (jy,/*,): 



Component 


CH 4 


co 2 


CO 


H 2 


H 2 0 


CH 3 OH 


K 


29.8 


5.12 


39.9 


86.3 


2.85 X 10" 3 


6.80 X 10" 3 



13.26. The converter loop is a net generator of energy (why?) and proper utilization of that energy improves 
process economics. Assuming that the makeup gas is at 100°C and that the purge gas and crude 
methanol are at 35°C, what is the net rate of energy released from the converter loop in Problem 
13.20? As the recycle compressor only serves to move the recycle gas, you may neglect the work 
input from this unit. Assume ideal gas behavior. 



Chapter 14 



The Use of Limestone Slurry 
Scrubbing to Remove Sulfur 
Dioxide from Power Plant 
Flue Gases 1 



Protection of the environment through the development of processes that have minimal ecolog- 
ical impact is one of the most important responsibilities facing chemical engineers. Moreover, 
it is often necessary to use chemical engineering principles to remedy existing environmen- 
tal problems. In this chapter, we examine a situation in which a coal-burning power plant is 
designed so that the impact on its surroundings is minimized. 

Coal is an abundant and practical source of energy, and it can be a source of raw materials 
used in chemical production. Coal occurs in various forms, 2 and the form used in a particular 
application often depends on its availability in the region of the application. Coal is predomi- 
nantly carbon. However, it also contains numerous other elements, including metals, nitrogen 
compounds, and sulfur, as well as hydrocarbon volatile matter that can be burned to produce 
heat, water, and carbon dioxide (CO2). 

Coal is burned in many of the world's power plants to generate electricity. Significant air 
pollution is produced if the stack gases from coal-fired furnaces are not treated before being 
released to the atmosphere. Untreated gases contain soot (fine unburned carbon particles), 
nitrogen oxides (NO x ), ash, and sulfur dioxide (SO2). 

Sulfur dioxide emissions from coal-fired furnaces are regulated in the United States by 
the Environmental Protection Agency (EPA) and appropriate state and local agencies. Cur- 
rent EPA standards require that gases released to the atmosphere from new and some existing 
power plants (some existing plants are subject to a less rigorous standard) contain no more 
than 520 nanograms SO2 per joule of higher heating value of the fuel fed to the furnace (1.2 
lb m S0 2 /million Btu). In addition, these plants must remove at least 90% of the SO2 released 



'Prepared by Ronald W. Rousseau and Jack Winnick, School of Chemical Engineering, Georgia Institute of 
Technology, Atlanta, GA; and Norman Kaplan, National Risk Management Research Laboratory, U.S. Envi- 
ronmental Protection Agency, Research Triangle Park, NC. 

2 R. H. Perry and D. W. Green, Eds., Perry's Chemical Engineers' Handbook, 7th Edition, McGraw-Hill, New 
York, 1997, pp. 27-4 to 27-6. 
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when burning the coal. 3 The emissions standard for some existing plants may be satisfied by 
burning low-sulfur coal, by removing sulfur from the coal prior to combustion, or by removing 
S0 2 from the product gases before they are released to the atmosphere. The emission standard 
for new plants is more stringent and may only be achieved in practice by removing SO2 from 
stack gases. The technology for removing SO2 from stack gases is more advanced than that 
for separating high percentages of sulfur directly from coal, and a large number of stack-gas 
desulfurization processes are available commercially. We examine one of these processes in 
this case study. 

Commercial processes for SO2 removal are classified as regenerative or throwawav, de- 
pending on whether or not the agent used to remove SO2 is reusable. Some throwaway pro- 
cesses can be modified to produce a saleable product (gypsum) without regeneration of the 
absorbent material. Regenerative processes have two major steps: the removal of dilute SO? 
from stack gases by a separating agent followed by removal of S0 2 in concentrated form from 
the separating agent, which is then recycled to the first step. An example of such a procedure 
is the Wellman-Lord process, which first absorbs the SO2 in an aqueous solution of sodium 
sulfite (Na 2 S03). In the solution, the following reaction occurs: 

Na 2 S0 3 + S0 2 + H 2 0 — 2 NaHS0 3 (14.1) 

Subsequently, the solution is heated and, at the resulting elevated temperature, the process is 
reversed: 

2 NaHS0 3 — Na 2 S0 3 + S0 2 + H 2 0 (14.2) 

The regenerated Na 2 S0 3 solution is recycled to the absorber, and the concentrated SO? pro- 
duced is captured and processed further to recover elemental sulfur. 

Throwaway processes utilize a separating agent to remove S0 2 from the stack gases fol- 
lowed by disposal of both the SO? in an innocuous form (CaS0 3 • \ H2O) and the slurried sep- 
arating agent, calcium carbonate (CaC0 3 ). Although there are many processes that involve 
injection of either wet or dry limestone into the power plant furnace, we have chosen to use 
limestone-slurry scrubbing in the present case study. 

PROCESS DESCRIPTION 

Five hundred megawatts of electrical power (500 MWe) 4 is to be generated in the present fa- 
cility. Coal with properties given in Table 14.1 is fed at 25°C to a furnace where it is burned 
with 15% excess air. During combustion of the coal, sulfur reacts to form S0 2 and a negligible 
amount of sulfur trioxide (S0 3 ), while carbon and hydrogen are oxidized completely to C0 2 
and H 2 0. Essentially all of the nitrogen in the coal leaves the furnace as N 2 . 5 The ash in the 
coal leaves the furnace in two streams: 80% leaves as fly ash in the furnace flue gas, and the 
remainder leaves the furnace as bottom ash at 900°C. 

Combustion air is brought into the process at 25°C and 50% relative humidity and sent 
to a heat exchanger, where its temperature is increased to 315°C by exchanging heat with the 
furnace flue gas. It is then fed to the boiler, where it reacts with coal. The flue gas leaves the 
furnace at 330°C, goes to an electrostatic precipitator where 99.9% of the particulate material 



'Federal New Source Performance Standards for control of S0 2 from power plants are applicable to electric 
utility steam-generating units that are capable of firing more than 73 MW (250 million Btu/h) heat input of fossil 
fuel and for which construction or modification was commenced after September 18, 1978. This regulation was 
proposed in the Federal Register, Vol. 43, No. 182, Tuesday, Sept. 19, 1978. The 520 ng/J limit applies to solid fuels. 
"The notation MWe should be read as megawatts of electricity. 

5 A very small fraction of the nitrogen in the coal and/or air is converted to gaseous NO, during combustion. 
These are pollutants that must also be removed from the flue gas or controlled by combustion modification, but 
that technology is not within the scope of this case study. 
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Table 14.1 Average Properties of Coal 
Composition (Ultimate Analysis) 



Component Dry Wt% 



Carbon 


75.2 


Hydrogen 


5.0 


Nitrogen 


1.6 


Sulfur 


3.5 


Oxygen 


7.5 


Ash 


7.2 



Moisture: 4.80 kg/100 kg dry coal 

HHV: 30,780 kJ/kg dry coal (see Section 

9.6a) 

Dry coal: C„ = 1.046 kJ/(kg-°C) 
Ash: C p = 0.921 kJ/(kg-°C) 



is removed, and then to the air preheater where it exchanges heat with the combustion air. The 
flue gas leaves the air preheater and is split into two equal streams, with each being the feed 
stream to one of two identical scrubber trains. Each of the trains is sized to process 60% of the 
flue gas, giving flexibility and partial redundancy should one of the trains require downtime. 

In each of the scrubber trains, the divided off-gas stream is fed to a scrubber, where it 
contacts an aqueous slurry of limestone and undergoes adiabatic cooling to 53°C. Sulfur dioxide 
is absorbed in the slurry and reacts with the limestone: 

CaC0 3 + S0 2 + \ H 2 0 — CaS0 3 ■ \ H 2 0 + C0 2 (14.3) 

The solid-liquid limestone slurry enters the scrubber at 50°C; the liquid portion of the slurry 
flows at a rate of 15.2 kg liquid/kg inlet gas and the solid-to-liquid ratio in the slurry is 1:9 by 
weight. The liquid is saturated with CaC0 3 and CaS0 3 . The cleaned flue gas meets the EPA 
standard on S0 2 emissions; it leaves the scrubber saturated with water at 53°C, containing 
the C0 2 generated in the scrubbing but none of the entering fly ash. Sulfur dioxide is the only 
constituent of the flue gas that is absorbed in the scrubber. The cleaned flue gas is then reheated 
to 80°C, blended with the cleaned flue-gas stream from the other train, and sent to the stack 
where it is released to the atmosphere. 

The solids in the spent aqueous slurry leaving the scrubber contain unreacted CaC0 3 , fly 
ash removed from the flue gas, inert materials that enter the process with fresh limestone, and 
CaS0 3 formed by the reaction in Equation 14.3. The liquid portion of the slurry is saturated 
with CaC0 3 and CaS0 3 and has a specific gravity of 0.988. The spent slurry is split into two 
streams. One of these streams is sent to a blending tank where it is mixed with fresh finely 
ground limestone, makeup water, and a recycle stream whose source will be described shortly. 
A fresh slurry stream from the blending tank is fed to the top of the scrubber. The other spent 
slurry stream is sent to a filter where wet solids containing fly ash, inert materials, CaS0 3 , and 
CaC0 3 are separated from a filtrate, which is saturated with the latter two components and is 
the recycle stream fed to the blending tank. The wet solids contain 50.2 wt% liquid that has the 
same composition as the filtrate. 

The fresh ground limestone is fed to the blending tank at a rate that is 5.2% in excess of 
that required to react with the S0 2 absorbed from the flue gas. The limestone material fed 
consists of 92.1% CaC0 3 and the remainder is inert insoluble material. 

The generation of steam and its utilization in the production of electricity in this facility are 
typical of many power cycles. 6 The boiler used in the present situation generates steam at super- 



6 Steam: Its Generation and Use, 39th Edition, Babcock & Wilcox. New York, 1978. 
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critical conditions: 540°C and 24.1 MPa absolute. Mechanical work is derived by expanding 
the steam through a power-generating system of turbines; appropriate reheaters and moisture 
separators are used to facilitate that operation. The low-pressure steam extracted from the 
power system contains 27.5% liquid water at 6.55 kPa absolute. Heat is removed from the 
wet low-pressure steam in a condenser by cooling water that enters the condenser at 25°C 
and leaves at 28°C. Saturated condensate at 38°C is produced by the condenser and pumped 
back to the boiler. 



PROBLEMS 

Problems 14.2 through 14.10 should be solved using a basis of 100 kg dry coal/min fed to the furnace. 

14.1. Construct a flowchart of the process and completely label the streams. Show the details of only one 
train in the SO2 scrubber operation. 

14.2. Estimate the molar flow rate (kmol/min) of each element in the coal (other than those in the ash). 

14.3. Determine the feed rate (kmol/min) of 0 2 required for complete combustion of the coal. 

14.4. If 15% excess 0 2 is fed to the combustion furnace, estimate the following: 

(a) The oxygen and nitrogen feed rates (kmol/min). 

(b) The mole fraction of water in the wet air, the average molecular weight, the dew point and de- 
grees of superheat of the wet air, and the molar flow rate (kmol/min) of water in the air stream. 

(c) The air feed rate (kmol/min, standard cubic meters/min, cubic meters/min). 

14.5. Estimate the flow rate (kg/min and kmol/min) of each component and the composition (mole frac- 
tions) of the furnace flue gas. (Ignore the fly ash in calculating mole fractions.) At what rate (kg/min) 
is fly ash removed from the flue gas by the electrostatic precipitator? 

14.6. The system may be assumed to meet the standard of 90% removal of the S0 2 released upon com- 
bustion. 

(a) Determine the flow rate (kg/min and kmol/min) of each component in the cleaned flue gas leav- 
ing the scrubber. 

(b) Determine the flow rate (kg/min) of slurry entering the scrubber. 

(c) Estimate the solid-to-liquid mass ratio in the slurry leaving the scrubber. 

(d) Estimate the feed rate (kg/min) of fresh ground limestone to the blending tank. 

(e) What are the flow rates (kg/min) of inerts, CaS0 3 , CaC0 3 , fly ash, and water in the wet solids 
removed from the filter? What fractions of the CaS0 3 and CaC0 3 are dissolved in the liquid 
portion of the wet solids? 

(f) Estimate the rate (kg/min, L/min) at which the filtrate is recycled to the blending tank. At what 
rate (kg/min, L/min) is makeup water added to the blending tank? 

14.7. At what rate is heat removed from the furnace? Assuming that all of the heat removed from the 
furnace is used to generate steam (i.e., none is lost to the surroundings), estimate the rate of steam 
generation in the power cycle. 

14.8. Determine the effect of the percent excess air fed to the boiler furnace by calculating the rate of 
steam generation (kg/min) for air flow rates that are 5% and 25% in excess of that theoretically 
required. Speculate on the reason for choosing 15% excess air in the prescribed process by giving 
one possible reason for not using less air and one for not using more. 

14.9. Determine the temperature of the flue gas as it leaves the heat exchanger (air preheater) following 
the boiler. Estimate this value for the two alternative air flow rates corresponding to 5% and 25% 
excess oxygen. 

14.10. Compare the release of S0 2 in the scrubbed flue gas (determined in Problem 14.6) with the EPA limit 
of no more than 520 nanograms S0 2 per joule of heat input to the boiler. {Note: If you determined 
that meeting this requirement requires greater than 90% removal of S0 2 , you would, in practice, 
have to revise your previous calculations.) 

14.11. Power plants of the type described here operate with an efficiency of about 39%; that is. for each 
unit of heat released with the combustion of coal, 0.39 unit is converted to electrical energy. From 
this efficiency and the specified power output of 500 MWe, determine the following: 
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(a) The coal feed rate (kg/h). 

(b) The air feed rate (kmol/min, standard cubic meters/min, cubic meters/min). 

(c) The flow rate of each component in the gas leaving the furnace (kmol/min, kg/min). 

(d) The rate of steam generation (kg/h). 

14.12. For the required coal feed rate, scale the results from Problem 14.6 to determine for each scrubber 
train the actual flow rates (kg/h) of wet solids and filtrate from the filter, the slurry flow rates entering 
and leaving the scrubber, the flow rates of gas (kg/h and m 3 /min) entering and leaving the scrubber, 
and the flow rates (kg/h) of fresh water and limestone fed to each blending tank. 

14.13. Why is the scrubbed flue gas reheated before it is sent to the stack? 

14.14. The following are alternatives by which the scrubbed flue gas can be reheated: (1) bypassing the 
scrubber with a fraction of the flue gas leaving the air preheater and mixing this stream with cleaned 
flue gas; (2) burning natural gas and blending the combustion products with the scrubbed flue gas; 
and (3) using steam from the power cycle either to heat air that is blended with the scrubbed flue 
gas or to heat the flue gas in a heat exchanger. 

(a) Give a reason for rejecting Alternative 1. 

(b) In evaluating Alternative 2, assume that the natural gas consists entirely of methane at 25°C 
and that it is burned adiabatically with 10% excess air that has the same conditions as the air 
fed to the furnace. If the combustion products are blended with the cleaned flue gas, at what 
rate would methane would have to be burned to raise the stack-gas temperature to the desired 
value? 

(c) How much more coal (kg dry coal/h) would have to be burned for Alternative 3 if the amount 
of heat released by burning coal (kJ/kg dry coal) is the same as determined in Problem 14.7? 
Suggest two process alternatives by which the heat can be transferred to the flue gas. 

14.15. Assuming that option 2 in Problem 14.14 is used, construct a graph of the velocity of the stack gas 
(1 atm, 80°C) versus the diameter of the stack. Cover a range of velocities from 5 to 15 m/s. 

14.16. What is the flow rate of cooling water (kg/h and L/h) required to condense the low-pressure steam 
in the power cycle? 

14.17. The pump used to transport the steam condensate in the power cycle from the condenser to the 
boiler has an efficiency of 80% (i.e., 80% of the work done by the pump is on the condensate). What 
size pump (kW and horsepower) is required for the estimated water flow rate? What assumptions 
have you made in these calculations? 

14.18. We assumed a 39% efficiency for this power plant, meaning that for each unit of heat released with 
the combustion of coal, 0.39 unit is converted to electrical energy. Using an energy balance around 
the power-generating system of turbines, reheaters, and condensate separators, estimate an energy 
efficiency defined as 100 X the electrical energy generated (500 MWe) divided by the change in 
enthalpy of the steam flowing through the power-generating system. 

14.19. Why does the EPA standard for new power plants have two criteria? Using your own words, explain 
them in terms that can be understood by an informed public. Include in your discussion the impact 
of the regulation on the use of clean coal. 

14.20. If the 520-ng/J criterion had been followed, what would be the emission rate of SO2 in kg/day? 



Appendix 



Computational Techniques 



This appendix introduces several mathematical concepts and methods that have widespread 
applicability in the analysis of chemical processes. The presentation presumes a knowledge of 
elementary calculus, but not of linear algebra or numerical analysis. The student who wishes a 
broader or deeper treatment of the subjects discussed is advised to refer to a numerical analysis 
reference. 

Appendix A.l THE METHOD OF LEAST SQUARES 

In this section we outline a statistical technique for fitting a straight line to y versus x data. You 
should be aware, however, that in doing so we are barely scratching the surface of the field of 
statistical analysis; we will not discuss techniques for fitting functions of several variables, for 
determining quantitatively the uncertainties associated with a fit, or for comparing alternative 
functions used to fit a given data set. 

Suppose you measure y at four values of x, plot the data on a graph of y versus x, and 
draw a line through the data points. 



y 

o Data point 

Line drawn through the data 




*1 -* 2 x 3 H 



If the line you draw is y = ax +b, then at an abscissa point x, (i = 1,2, 3, or 4) the measured 
value of y is y it and the corresponding value of y on the line is ax { + b. The vertical distance d, 
from the i th data point to the line (called the i th residual) is therefore 

di = yi - (axj + b), i = 1, 2, 3, 4 (A.l-1) 
If di is positive then the i th data point must be above the line (why?), if J, is negative the point 
is below the line, and if </, equals zero the line passes through the point. A line is said to fit the 
data well if the values of most of the residuals are close to zero. 
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There are several ways to determine the line that best fits a set of data, which differ pri- 
marily in their definitions of "best." The most common method is the method of least squares. 

Suppose there are n plotted points (xj_, yi), (x 2 , y 2 ), . . . , (x n , y„), so that a line y = ax + b 
drawn through the points yields a set of n residuals di,d 2 ,...,d„. According to the method of 
least squares, the best line through the data is the one that minimizes the sum of the squares of 
the residuals. 1 The task is therefore to find the values of a and b that minimize 



<f,(a, b) = Y d f = ^(yt-axi-b) 2 



(A.l-2) 



i = i 



You can obtain expressions for the best values of a and b in terms of known quantities by 
differentiating the equation for </> (Equation A.l-2) with respect to both a and b, setting the 
derivatives equal to zero, and solving the resulting algebraic equations for a and b. The results 
of these calculations are as follows. If we define 



1 " 
1 " 



1 H 



then 

1. Best line: y = ax + b 
Slope: 

Intercept: 



1 = 1 



a = 



1 = 1 
1 " 



(A.l-3) 



■XV 



J xx 



'xx 



2. Best line through the origin: y - ax 

Sxy S xiyi 



Slope: 



a = 



(Sx) 2 

(The intercept equals 0.0.) 



(A.l-4) 
(A.l-5) 

(A.l-6) 



Once you determine a and b , you should plot the line y = ax + b on the same graph as the 
data to get an idea of how good the fit is. 



EXAMPLE AA- 1 \ The Method of Least Squares 

Two variables, P and t , are related by the equation 

P = 

The following data are taken: 



SOLUTION 



1 



mt l 2 + r 



p 


0.279 


0.194 


0.168 


0.120 


0.083 


t 


1.0 


2.0 


3.0 


5.0 


10.0 



Calculate m and r using the method of least squares. 
The equation may be rewritten in the form 



1 



= mt l 2 + r 



'We could also choose the best line as the one that minimizes the sum of the absolute values of the residuals, or 
the sum of the fourth powers of the residuals. Using the squares simply provides computational convenience. 
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so that a plot of l/P versus r> 2 should be a line with slope m and intercept r. From the tabulated 



data, 



y = 1 P 


3.584 


5.155 


5.952 


8.333 1 


12.048 


x = r 1 2 


1.00 


1.414 


1.732 


2.236 


3.162 



- = m/ 1 ' 2 + r 
F 

II v = l/P- -v = /' 3 
y = mJC + r 
Evaluate the quantities of Equation A.l-3: 

Sx = 1(1.000 + 1.414 + 1.732 + 2.236 + 3.162) = 1.909 
s y = 7.014 
s rx = 4.200 
5,, = 15.582 
Hence, from Equation A.l-4. 



Slope: 

and from Equation A.l-5. 
Intercept: 

so that the final result is 



s *y s * s y — 7. qa 
m = 7— y? - J - v ' 4 

Sxx ~ \ s x)~ 



r = s Jlih £idl = -0.517 



M 2 



p = 



l 



3.94/ 1 2 - 0.517 



A check on the results is to plot l/P versus r 1 2 , showing both the data points and the line 

I = 3 94r' 2 - 0.517 
P 

■_ ■ * n,- f,,nrtinn to fit the given data was reasonable and if no mistakes were made in 
— a b ou, ,Ke „„=. ™, * ,n t ac« *e case, as *«. 

in the following diagram. 

14 
12 
10 



_1_ 



i = 3.94J 1 ' 2 -0.517 



_J I L 



x A line = 3a - + 2 has been fit to a set of data including the points (x - 1. v - ^ and 
T 5?Tw,£nnwi? ' f r - Vv = 13) What are the residuals at these two points? 

™« P 662) 2. * ih. -itLon of , te bes, >,„e th rou 8 h a se« of data po,„,s that torn. ,6= b» o, 

1 ' the method of least squares? 
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3. Could the method of least squares be used to fit a straight line to data points that fall on 
a distinct curve? (Corollary: Does the line that "best" fits the data necessarily fit the data 
well?) 

4. An alternative to the method of least squares might be to minimize the sum of the resid- 
uals rather than the sum of squares of the residuals. What would be wrong with this 
method? 



Appendix A.2 ITERATIVE SOLUTION OF 

NONLINEAR ALGEBRAIC EQUATIONS 

A.2a Linear and Nonlinear Equations 

Given below is the van der Waal's equation of state: 

(P + a/v)(V - b) = RT 

Solving this equation to calculate P for a given V and T is easy, while solving for V for specified 
values of P and T is relatively difficult. 

What makes an equation easy or difficult to solve is its linearity or nonlinearity in the un- 
known variable. Equations that contain unknown variables raised to the first power only (x , but 
not x 2 or x l/ 2 ), and that do not contain products (xy) or transcendental functions (sin x, e x ) of 
unknown variables, are called linear equations. Equations that do not satisfy these conditions 
are called nonlinear equations. 

For example, if a, b, and c are constants, and x, y, and z are variables, 

ax + by = c is linear 

ax 2 = by + c is nonlinear (contains x 2 ) 

x-lnx + £> = 0 is nonlinear (contains In x) 

ax + by = cx is linear 

Linear equations that contain a single unknown variable have one and only one solution 
(one root). 



Ix - 3 = 2x + 4 => x = 1.2 

=> V = RT/P = (2)(300)/(3) = 200 



PV = RT 

P = 3, R = 2, T = 300 



In contrast, nonlinear equations that contain a single unknown variable may have any number 
of real roots (as well as imaginary and complex roots). For example, 

x 2 + 1 = 0 has no real roots 

x 2 - 1 = 0 has two real roots (x = +1 and x = -1) 

x — e~ x = 0 has one real root (x = 0.56714 . . .) 

sin x = 0 has an infinite number of real roots (x = 0, tt,2it, . . .) 

The roots of some nonlinear equations, such as the second of the equations given above, can 
be obtained directly using simple algebra, but most nonlinear equations must be solved using 
an iterative or trial-and-error technique. 

A single equation containing several variables may be linear with respect to some variables 
and nonlinear with respect to others. For example, 

xy - e~ x = 3 

is linear in y and nonlinear in x . If x is known, the equation may easily be solved for y , while 
the solution for x from a known variable of y is much harder to obtain. Another example is 
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the three -term virial equation of state: 

/ B(T) C(T)\ 

where B and C are known functions of temperature. This equation is linear in P and nonlinear 
in V and T. It is consequently easy to solve for P from given values of T and V and difficult to 
solve for either V or T from given values of the other two variables. 

Most of the problems you are called on to solve in this text reduce to one or two linear 
equations in as many unknowns. The hard part of the problems, if there is a hard part, is deriv- 
ing the equations; solving them is a matter of simple algebra. However, many process problems 
involve nonlinear equations. Techniques for solving such problems are the subject of this sec- 
tion. 

YES j Classify the following single-variable equations as linear or nonlinear, considering a,b, and c 

YOURSELF as constants. 

(Answers, p. 662) L 3x + 17 = 2 3x - 12 

2. 3x = a(\nx) + b 

3. x exp(.t) = 14 

4. axy - b 2 = cyj x 

(a) x is known 

(b) y is known 

5. Hjccos(y) - 8/ z = 23 

(a) x and y are known 

(b) x and z are known 

(c) y and z are known 

A.2b Graphical Solution 

In this and the next several sections, we will discuss methods for solving one nonlinear equation 
in one unknown. Extensions to multivariable problems will be presented in Section A.2i. 

Suppose you have to solve an equation of the form f(x) = 0 — that is, find the root or 
roots of the function f{x). [Any equation can be written in this form by bringing every term 
to the left side. For example, x = e~ x becomes /(.v) = x - e" x = 0.] An obvious solution 
technique is to plot f(x) versus x and to locate by graphical interpolation the point at which 
the curve crosses the axis. 

fix) 

\ x = x-[fix') = 0] 

° 1 X ■ 

There are several problems with this technique. It is a manual method: it is relatively slow; 
and it is not very precise. Its principal advantage is that it enables you to see how / varies with 
x, which is particularly useful when you are dealing with functions that have several roots. 

fix) 
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TEST 

YOURSELF 
(Answers, p. 662) 



The points x\, xi, and x 3 are all roots (solutions) of the equation f(x) = 0. The computa- 
tional techniques we will describe shortly would locate one or another of these roots, depend- 
ing on the initial guess; however, for all but simple polynomial functions a plot is the only 
convenient method to detect the existence and approximate location of multiple roots. There- 
fore, unless you know that only one root exists, or you know the approximate location of each 
root you need to determine, a good procedure is to plot/ versus x and use the plot to determine 
initial estimates for more precise root-finding methods. 

1. Use a graphical argument to justify the statement that a linear function has only one root. 

2. How many roots does the function f(x) = x - exp (— x) have? [Suggestion: Sketch plots 
°f f\i x ) = x an d fi(x) ~ exp (-x) versus x, and use these plots to obtain your answer.] 



A.2c Spreadsheet Solution 

If vou have access to a spreadsheet program, finding solutions of nonlinear single-variable 
equations is relatively easy. If the equation has the form /(x) = 0, you need only enter a 
guessed value of x in one cell of the spreadsheet, insert the formula for f(x) in an adjacent 
cell, and then vary the value in the first cell until the value in the second cell is close enough to 
zero to meet a specified convergence criterion. The next example illustrates this approach. 



EXAMPLE A.2-1 Spreadsheet Solution of a Nonlinear Equation 

Estimate the solution of the equation x = e~ x using a spreadsheet. 



SOLUTION 



The first step is to express the equation in a form f(x) = 0 by bringing all terms to one side of the 
equation. The result is 

f(x) = x - e' x = 0 

We might set up the spreadsheet as follows, taking an initial guess of 1.0 for the solution of the 
equation. _ 



X 


f(x) 


1 


0.632121 



The formula entered in Cell B2 would be = A2-exp(-A2). As the value of x in Cell A2 is changed, 
the value of f(x) in Cell B2 changes accordingly. The strategy is to find the value in Cell A2 that 
drives the value in Cell B2 satisfactorily close to zero. If this is done, the following result is obtained: 



X 


f(x) 


0.56714 


-5.2E-06 



The desired solution is [x = 0.56714| , for which f(x) = -0.0000052. If we wanted a more precise 
solution we could add a sixth significant figure to the given value of x , but it is rare to need even five 
significant figures. 

The solution is even easier to obtain if the spreadsheet program is equipped with a goalseek tool. 
Once the first of the spreadsheets shown above has been constructed, select Goal Seek (it can nor- 
mally be found under the pull-down "Tools" menu), and enter B2 as the target cell, 0.0 as the target, 
and A2 as the variable cell. The spreadsheet will then search for and (usually) converge on the so- 
lution within a fraction of a second. 



One limitation to this method (and to all other numerical methods for solving nonlinear 
equations) is that once you have found one solution, you cannot be sure that there are no 
additional solutions. The way to determine the existence of multiple roots is to evaluate /(x) 
over a wide range of x values and find the intervals in which /(x) changes sign (see the second 
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figure in the previous section). Initial guesses can then be made within each of these intervals 
and the spreadsheet used to determine the roots precisely. 

A.2d Regula-falsi Method 

In this and the next subsection, we outline algorithms for finding roots of single-variable equa- 
tions of the form f{x) = 0. The first procedure, termed the regula-falsi method, is appro- 
priately used when an analytical expression for the derivative of / with respect to x is not 
available — as, for example, when f(x) is obtained as the output of a computer program for an 
input value of x . The algorithm is as follows: 

1. Find a pair of values of x (use x n and x p ) such that /„ = f[x n ] < 0 and f p = f[x p ] > 0. 

2. Estimate the value of the root of f(x) from the following formula: 



TEST 

YOURSELF 
(Answers, p. 662) 



-*new 



*nfp 



(A.2-1) 



fp ft 

and evaluate / new = f[x new J- 

3. Use the new point to replace one of the original points, keeping the two points on opposite 
sides of the x axis. If / new < 0, replace the old x n and /„ with x new and / new - If /new > 0, 
replace x p and f p with x new and / new - (If /new = 0, you have found the root and need go 
no further.) 

4. See if the new x n and x p are close enough for convergence to be declared (see Section 
A.2h). If they are not. go back to step 2. 

What you are doing with this procedure is the algebraic equivalent of drawing a straight 
line between the two points [x„, f„] and [x p , f p ] on a plot of/ versus* and using the intersection 
of this line with the x axis as the next estimate of the root. 



fix) 



fix) 



Evaluate f m 



Say /„ew >0 



4 

ixj n ) 



Old 



ix p ,f„) 



U„./„> 



Successive points determined in this manner clearly approach the x axis (where / = 0). The 
procedure terminates when / new is close enough to zero to satisfy a specified convergence cri- 
terion. 

The regula-falsi method is the procedure used by many spreadsheet programs in their 
goalseek algorithms. 

1. Suppose a "black box" computer program gives values of a function f(x) for specified 
values of x . Unknown to the programmer, the function is 

/ = 4 - (x - 2) 2 

(a) What are the roots of this function? (You should be able to do it by inspection.) 

(b) Suppose the programmer tries values x p = 3 and x n = 5. If she uses the regula-falsi 
method, what will the next pair be? To which root will the method ultimately con- 
verge? 

2. Derive Equation A.2-1. 



A.2e Newton's Rule 



The next algorithm for finding the root of a function f(x) is Newton's rule. It is considerably 
more efficient than regula-falsi, but only for functions for which the derivative f'(x) = df dx 
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can be evaluated analytically. The formula for proceeding from one estimate of the root to the 
next is 

* k+ i = ** " ~ (A.2-2) 

where x k is the fcth estimate of the root, f k = f(x k ), and f[ = df / dx evaluated at x = x k . As 
always, you begin by estimating a value of the root, jq. Successive estimates are then gener- 
ated from Equation A.2-2, with a test for convergence (Section A.2h) being applied after each 
estimate is obtained. 

The easiest way to understand how Newton's rule works is graphically. Suppose the plot 
of / versus x appears as follows: 



fix) 



h 




Although it may not be obvious at first glance, Newton's rule is equivalent to choosing a value 
of x\ and calculating f\ = f(xi), drawing a line tangent to the curve at (x\, fi) and using the 
intersection of this line with the x axis as the next estimate (^2). As the following diagram 
shows, the successive values of x generated in this manner (X2, x^, x$, . . . ) may converge on the 
root x* , although convergence is not guaranteed. 



fix) 




The formula for each estimate. (x k+ i) in terms of the previous estimate (x k ) may easily be 
derived. The graphical representation of one step of the procedure is shown on the next page. 
The slope of the tangent line is (df/dx) Xk = however, two known points on this line are 
(x k+ \, 0) and (x k> f k ) so that the slope is also equal to (0 - /*)/ (j^+i - x k ). Equating these two 
expressions for the slope yields 

f< - ~A 
x k +\ x k 



fix) 



EXAMPLES: 



SOLUTION 
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The solution of this equation for x k+ x is Newton's rule, Equation A.2-2: 

/* 

Xk + l - x k - — 

h 

Newton's Rule 

Determine the root of the equation x = e~ x using Newton's rule. 

f{x) = x - e~* 

f'{x) = df/dx = 1 + e~ x 

When* = 0, f(x) is negative, while when x = is positive (verify ).Tne root x* must therefore 

be between 0 and 1. Try x\ = 0.2 as a first guess. 

First Iteration: x\ =0.2 

I 

f{x x ) = 0.2 - e' 0 - 2 = -0.6187 



f'( Xl ) = 1 + e' 0 - 2 = 1.8187 

I 

x 2 = X! - /(Jfi)//'(*i) = 0.5402 
Second Iteration: x 2 = 0.5402 

/(jc 2 ) = 0.5402 - e -05402 = -0.0424 

^3 = x 2 - f(x 2 )/f'(x 2 ) = 0.5670 
Third Iteration: x } = 0.5670 

II 

/(x 3 ) = 0.5670 - e -05670 = 2.246 X 10 -4 

I 

/'(jc 3 ) = 1 + e' 05670 = 1.5672 

I 

x A = x 3 - f(x 3 )/f'(x 3 ) = 0.56714 

The successive estimates of x* are therefore 

0.2 => 0.5402 => 0.5670 ==> 0.56714 

This is clearly a converging sequence. Depending on how much precision you require, you might 
stop here or carry out one or two additional iterations. Let us stop here, and say that x* ~ 0.56714. 



TEST 

YOURSELF 
(Answers, p. 663) 



1. Could you use Newton's rule to find a root of the equation x 2 
use it? Why not? 



- 3x - 3 



= 0? Would you 
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2. Suppose you wish to find a root of /(*) = 0, where /(*) versus x appears as shown here. 



fix) 




What would happen if you took as a first guess the value of x x shown? (What would hap- 
pen shows that Newton's rule does not necessarily work if a poor choice of x x is made.) 

A.2f Successive Substitution and 

Modified Successive Substitution 

Problems involving the solution of nonlinear equations can often be expressed in the form 

* = /« 

where f(x) is a nonlinear function. {Example: x = e~ x .) As shown in Chapter 10, balance 
equations for multiple unit processes with recycle often fall into this category: x would be the 
assumed value of a tear stream variable, and f(x) would be the value generated by calculating 
around the cycle. 

The simplest solution method is successive substitution. An initial estimate, x {1 \ is selected; 
f(x^) is calculated; and the calculated value is used as the next estimate of the root. The 
formula is 

= /(* (0 ) (A.2-3) 
The procedure is repeated until the specified convergence criterion is satisfied. 

Sometimes successive substitution works very well, converging in a few steps. Three unsat- 
isfactory convergence patterns are also observed from time to time, however. In the first, the 
successive estimates oscillate about a central value: 

37.6, 2.3, 36.8, 2.6, 34.4, 2.9, . . . 

The root lies somewhere between 3 and 30, but the procedure will clearly take a large number 
of iterations to get there. 

The problem here is that successive substitution generates overly large steps. Instead of 
jumping all the way from 37.6 to 2.3, as successive substitution dictates, we should only go part 
of the way from the first to the second value to obtain our estimate of x^. To do this, we may 
use modified successive substitution (also called damped successive substitution). The formula is 

*(<>D = ,(0 + ^(0) _ ,(0] (A<2 . 4) 

where p, the damping parameter, is a number between 0 and 1. If p = 1, the procedure re- 
duces to pure successive substitution, and as p approaches zero, the size of the step becomes 
smaller and smaller. A few trial-and-error iterations should yield a good value of p for a specific 
problem. 

The second case of slow convergence in successive substitution involves a creeping pro- 
gression, such as 

151.7, 149.5, 147.4, 145.6, 143.8, . . . 

Again, it appears that the procedure could be converging to a solution, but it is equally clear 
that it is in no hurry to get there. 

The remedy for this problem is to accelerate the convergence procedure— to jump over 
many of the intermediate solutions to which continued successive substitution would lead. The 
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next section outlines Wegstein's method, one of the most commonly used acceleration algo- 
rithms. 

The third unsatisfactory convergence pattern is instability. For example, if successive sub- 
stitution yields a sequence like 

1.0,2.5, -6.8, 23.5, 97.0,... 

then successive substitution will clearly not work, no matter how many iterations are attempted. 
A better first estimate might yield a convergent sequence, or the problem might be intrinsically 
unstable and must be restructured or solved by a different technique. Texts on numerical anal- 
ysis outline stability conditions for nonlinear equation solution algorithms; their consideration 
is beyond the scope of this appendix. 



TEST 

YOURSELF 
(Answers, p. 663) 



1. For each of the following sequences of successive estimates of a root, indicate whether 
successive substitution seems to be adequate or whether you would resort to modified 
successive substitution or an acceleration method (state which). 

(a) 165, 132. 163, 133, 162, 133, . . . 

(b) 43,28,26,26.7,26.71,... 

(c) 21.0,21.2,21.4,21.59,21.79,... 

2. Suppose = 14.0, /(x (0 ) = 13.0, and you are using modified successive substitution 
with p = 0.4. What is your next estimate of the root? 



A.2g Wegstein Algorithm 



The procedure outlined in this section encompasses successive substitution and modified suc- 
cessive substitution as special cases, and in addition provides acceleration capability. 

1. Begin by choosing Calculate /0 (1) ), and let x^ = f(x (l) ). (That is, carry out a 
successive substitution step.) Let k = 2. 

2. Calculate /(*<*>). 

3. Check for convergence. If x {k) and f{x (k) ) are close enough together to meet the conver- 
gence criterion, terminate the procedure. If convergence is not achieved, calculate 



W X W - x«~V 

q = w/ (w — 1) 



(A.2-5a) 
(A.2-5b) 

(A.2-6) 



4. Calculate 

x (k+i) = ?JC <*) + (i - ,)/(*(*)) 

5. Increase A: by 1 and go back to step 2. 

It is not difficult to show that Wegstein's method is tantamount to generating two points 
on the curve of f(x) versus x and determining as the next estimate the intersection of the line 
between these two points and the 45° line [at which x = f{x)]. 
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If you examine Equation A.2-6, you will see that if the parameter q equals zero, the pro- 
cedure reduces to successive substitution; if q is between zero and 1 the procedure is modified 
successive substitution; and if q is negative the procedure involves acceleration. 

An effort to solve the equation x = f(x) begins with two successive substitution steps: 

x = 2.00 — f(x) = 2.30 
x = 2.30 — f( x ) = 2.45 

1. Calculate the next value of x using the Wegstein algorithm. 

2. Sketch a plot of f(x) versus x, showing the two given points, and show graphically that 
the value of x you calculated is correct. 

A.2h Convergence Criteria 

A problem common to all iterative computational methods is knowing when to quit. An it- 
erative method rarely yields a precise root, but rather gives successive approximations that 
(if the method converges) approach the root more and more closely. Whether you are doing 
the calculation by hand or writing a program to do it, you must specify how close is close 
enough. 

Suppose we wish to find a solution of the equation fix) = 0 using a method that gives 
successive estimates x {l \ x^, and so on. Several different criteria may be used to determine 
when to terminate the procedure. The most straightforward one calls for termination when the 
absolute value of falls within a specified interval about / = 0: 

l/(* (0 )i < s (A.2-7) 
where e, the convergence tolerance, is chosen to be several orders of magnitude smaller than 
typical values of f(x) in the range being searched. Decreasing the value of s leads to a more 
accurate estimate of the solution but increases the number of steps (and hence computation 
time) required to get there. There are formal ways to choose the value of e, but it can be just 
as easy to choose a value (e.g., 0.0001 times the value of / at the first guessed value of x), find 
the root, then decrease the value of e by a factor of 10, search again starting with the previous 
converged value, and see if the solution changes enough to care about. 

The convergence criterion (A.2-7) may yield a false solution if the function /(*) is almost 
horizontal over a wide range around the root, so that \f(x^)\ may be less than e (meeting 
the convergence criterion) when *(''> is still a long way from the root. In this case, one of the 
following convergence criteria might be more appropriate to use: 

\ X V) - < e 

\x® - x«-V\ 

FT — " — < £ 

Equation A.2-8 is an absolute convergence criterion. If the value of x changes by less than 
e from one iteration to the next, the procedure is terminated and the last value of x is taken to 
be the desired root. The strictness of this criterion for a given e depends on the magnitude of 
the estimated values. If s = 0.01, for example, and successive estimates of* are 358,234.5 and 
358,234.6, the procedure would not be terminated, even though the estimates are undoubtedly 
close enough for any realistic purpose. On the other hand, successive estimates of 0.0003 and 
0.0006 would lead to termination for the same value of e, despite the fact that the two estimates 
differ by a factor of two. 

Equation A.2-9, a relative convergence criterion, avoids this difficulty. If this criterion is 
used, a value of e = 0.01 specifies that the procedure will be terminated when the value of x 
changes from one iteration to the next by less than 1%, regardless of the magnitude of that 
value. This criterion does not work if successive estimates of* converge to a value of zero. 



TEST 

YOURSELF 
(Answers, p. 663) 



(A.2-8) 
(A.2-9) 
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A.2i Multivariable Root-Finding Algorithms 

Solving n nonlinear equations in n unknowns is usually a difficult problem, and a general treat- 
ment is well beyond the scope of this text. In this section we present several approaches without 
proof or much explanation. For additional details, standard texts on numerical analysis should 
be consulted. 

Three methods that can be used to find the values of x\, . . . , x„ that satisfy n simultaneous 
equations are extensions of methods given previously for single-variable problems. They are 
(a) successive substitution, (b) the Wegstein algorithm, and (c) the Newton-Raphson method 
(a multivariable extension of Newton's rule). The example that concludes this section illustrates 
all three algorithms. 



Successive Substitution. Suppose the equations can be cast in the form 

*i = A(xi,x 2 ,...,x„) 
x 2 = h(x { ,x 2 ,...,x n ) 

(A.2-10) 

X„ = fn(xi, X 2 , ■ ■ , X n ) 

(A cycle with n tear stream variables falls into this category.) The successive substitution 
method consists of assuming values for each of the n unknown variables, evaluating the func- 
tions f\,. . . ,/„, and using the calculated values as the next estimates of the variables. The 
procedure is terminated when all variable values meet a specified convergence criterion. For 
example, if xf^ is the value of the tth variable at the kth iteration, the procedure might be 
terminated when 

I (k) _ (it-/) | 

^ r£ Us, i = \,2,-..,n (A.2-11) 

x) 

This approach is simple but generally inefficient. The greater the number of variables, the 
longer it takes for the procedure to converge, if it converges at all. It is generally preferable to 
use Wegstein's method or the Newton-Raphson method, depending on whether or not the par- 
tial derivatives of the functions f\,...,f„ can be evaluated analytically. (Use Newton-Raphson 
if they can be, otherwise try Wegstein, but don't be too surprised if it doesn't converge.) 



Wegstein Algorithm. If the equations to be solved have the form of Equation A.2-10 [i.e., 
Xi = fi(xx,x 2 ,. . . ,x„)], guess values for all n variables and apply the procedure of Section 
A.2g separately to each variable. Terminate when the convergence criteria are satisfied for all 
variables. 

This procedure will work reasonably well if the generating function fx depends almost 
entirely on x\,f 2 depends only on x 2 , and so on (i.e., if there is little interaction among the 
variables). If this is not the case, convergence will generally be very difficult to achieve. 



Newton-Raphson Method. Suppose now that 

9i(x\,x 2 ,.. 
g 2 {x x ,x 2 ,.. 



the equations to be solved take the form 

-,x„) = 0 

-,X n ) = 0 

(A.2-12) 



9n(x\,X 2 ,. . . , X n ) = 0 

The Newton-Raphson method is as follows: 

1. Estimate (or just guess) values of the n variables (x ly x 2 ,.. .,x n ), calling the estimates 
x[ l \ x ( 2 l \. . ■ , xl}\ Let k = 1 (the number of the iteration). 
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2. Evaluate the function values (g u . . . ,g„) corresponding to the most recent estimate of the 
xi values: 

9\ k) = 9t[x[ k \...,xP], i = l,2,...,n (A.2-13) 

3. If the gj values are to be used as the basis of a convergence test, declare the procedure to 
have converged if 

bS k) |<8/, 1 = 1,2,...,/! 

The convergence tolerance for the i th equation, e,, should be a very small fraction of 
typical values of g t (e.g., O.OOOl^P). If the procedure has not converged, go on to step 4. 

4. Evaluate the partial derivatives with respect to each variable 

fli ' = (^) at ti k) >^-A k) l (A.2-14) 

5. Solve the following set of linear equations for the variables d\, d 2 , . . . , d„. 

a n di + a u d 2 + ■■■ + a ln d n = -g {k) 

audi + a Z2 d 2 + ■■■ + a 2n d n = -g {k) (A.2-15) 



a nl d x + a n2 d 2 + ■■■+ a nn d n = 

If there are only two or three equations, you can solve them by simple algebraic tech- 
niques. For larger systems of equations, an equation-solving computer program should be 
used. 

6. Calculate the next set of values as 

xl k+l) = xM +di (A.2-16) 

7. If the changes in the x values are to be used as the basis of a convergence test, declare the 
procedure to have converged to [x[ k+l) , x (k+l \ x ( n k+1) ] if either an absolute or relative 
convergence criterion is satisfied, 

\di\ < e,-, i = 1, 2, . . . , n or |rf,-/jcf 4) | < e f -, / = 1, 2, . . . , n 

Otherwise, increase the value of k by 1 (so that what was calculated in step 6 as x\ k+l) is 
now x\ ') and return to step 2. 

The Newton-Raphson method is based on a linearization of the functions gi,...,g n about 
each estimated set of roots and a solution of the resulting linear equations to get the next estimate. 
(If you have no idea what all that means, don't worry about it.) It is an efficient procedure to use 
when analytical partial derivatives of the functions g u . . . , g n are convenient to evaluate. When 
there is only one equation (n = 1), the algorithm reduces to Newton's rule (Section A.2e). 

The next example illustrates the three multivariable nonlinear equation-solving methods 
described in this section. 



EXAMPLE A.2-3 Solving Multivariable Nonlinear Equations 

Find the solutions of the following simultaneous equations: 

9\(x,y) = 2x+y-(x + y) l/1 -3 = 0 
9i(x, y) = 4 - y - 5/(jc + y) = 0 

1. By successive substitution. 

2. Using the Wegstein algorithm. 

3. Using the Newton-Raphson method. 



In each case, use a starting value (x = 2, y = 2) and stop when the relative changes in x and y from 
one iteration to the next are each less than 0.001. (See Equation A.2-11.) 
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SOLUTION 1- Successive substitution. The equations g\ = 0 and g 2 = 0 must be rewritten to provide explicit 

expressions forx and y . One way of doing this is the following: 

x c = 0.5(3 - y a + (x a + y,Y 2 ] 

y c = 4 - 5/{x 3 + y a ) 

where the subscript "a" stands for assumed and "c" stands for calculated. We assume values of 
x and y , recalculate x and y using these expressions, and iterate until convergence is achieved. 
The calculation proceeds as follows: 



Assumed Calculated 



Iteration 


x 


y 


X 


y 


1 


2.000 


2.000 


1.500 


2.750 


2 


1.500 


2.750 


1.156 


2.824 


3 


1.156 


2.824 


1.086 


2.744 


4 


1.086 


2.744 


1.107 


2.694 


5 


1.107 


2.694 


1.128 


2.684 


6 


1.128 


2.684 


1.134 


2.688 


7 


1.134 


2.688 


1.133 


2.692 


8 


1.133 


2.692 


1.132 


2.693 


9 


1.1320 


2.6929 


1.1314 


2.6928 



Since the relative changes in x and y in the last iteration are each less than 0.001. the calcula- 
tion is terminated at this point, and the final values are accepted as the roots of the two given 
equations. 

2. Wegstein algorithm. The same functions are used to generate calculated values of x and y from 
assumed values, only now the equations of Section A.2g are used to generate new assumed 
values after the first iteration. The results are as follows. (Check the first series of numbers 
with a hand calculator to make sure you know how to apply the formulas.) 



Assumed Calculated 



Iteration 


X 


y 


X 


y 


1 


2.000 


2.000 


1.500 


2.750 


2 


1.500 


2.750 


1.156 


2.824 


3 


0.395 


2.832 


0.982 


2.450 


4 


1.092 


2.641 


1.146 


2.660 


5 


1.162 


2.651 


1.151 


2.689 


6 


1.150 


2.670 


1.142 


2.691 


7 


1.123 


2.694 


1.130 


2.690 


8 


1.136 


2.690 


1.133 


2.693 


9 


1.1320 


2.6919 


1.1318 


2.6924 



In this case, Wegstein 's method did not accelerate the convergence. In fact, the large jump in 
the value of x in iteration 3 (when the Wegstein procedure was first used) could have been the 
first symptom of an instability, but the algorithm recovered well. 
3. Newton-Raphson method. The necessary formulas are as follows: 

gi(x,y) = 2x + y - (.v + y) 1 2 - 3 

9i(x,y) = 4-y-5 (.t + y) 

au(x,y) = dgx/dx = 2 - 0.5(x + y)" 1 2 

an(x,y) = dg x /dy = 1 - 0.5(x + y)~ x 2 

ai\{x,y) = dg 2l 'dx = 5 (.r + y) 2 

a 2 2(x,y) = dg 2 /dy = -1 + 5;(x + y) : 
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Equations A.2-15 reduce for this two-dimensional problem to 

audi + a n d 2 = -g x 
«2i^i + ^22^2 = ~gi 

The procedure is to assume values of x and y ; calculate g x , g 2 , a n , a u , a n , and a 22 from the given 
formulas; solve the two preceding equations for d x and d 2 ; and calculate the new estimates of 
the roots as 

x c = x a + di 

yc = y 3 + d 2 

The convergence test is then applied, and if the assumed and calculated values are not close 
enough together, the latter values are used to replace the former ones and the calculation is 
repeated. The results are shown here. 



Iteration 


Assumed 


Calculated 


X 


y 


X 


y 


1 


2.000 


2.000 


1.130 


2.696 (verify!) 


2 


1.130 


2.696 


1.1315 


2.6925 


3 


1.1315 


2.6925 


1.1315 


2.6925 



The superiority of the Newton-Raphson method to others tested is clear in this example and is 
even more dramatic when more than two equations are to be solved simultaneously. Generally, 
when analytical derivatives are available, the Newton-Raphson method should be used for 
solving multiple nonlinear algebraic equations. 



Appendix A.3 NUMERICAL INTEGRATION 

In Chapter 8, we showed that the enthalpy change associated with the heating or cooling of a 
substance is evaluated by integrating the substance heat capacity C P (T) from the initial tem- 
perature to the final temperature. This is one of many instances you will encounter in process 
analysis where an integration is required as part of a problem solution. 

It often happens that required values of definite integrals cannot be obtained using the 
methods of elementary calculus. If, for example, you are called on to evaluate something like 

e x dx 

Jo 

you will not find help in a calculus book or a table of integrals— an analytical expression for 
the integral of exp (-r 5 ) simply does not exist. 

It is possible, however, to substitute for any mathematical operation such as differentiation 
or integration a series of arithmetic operations that yield approximately the same result. The 
arithmetic operations are usually simple but numerous and repetitious and so are ideally suited 
to computers. 

A.3a Quadrature 

The general problem we will discuss is the evaluation of a definite integral: 

/ = [ y(x)dx (A.3-1) 

There are several possible reasons why you might not be able to evaluate / analytically: y(x) 
may be a nonintegrable analytical function, such as exp (~x 3 ), or it may be a series of tabulated 
(x , y ) data points or a plot of y versus x , 
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A method of numerical integration (or quadrature, as it is also called) is required to eval- 
uate / in any of these cases. The specific techniques we will present are algebraic, but the 
general approach to the problem is best visualized graphically. For the moment, we will sup- 
pose that all we have relating x and y is a table of data points, which we may graph on a plot 
of y versus x. 



X 


jrj(=a) 




x n- 1 


x n {=b) 


y 


Vl 




y n .\ 





yz 



y\ 



J L_ 

*1 X Z 



The integral we are trying to evaluate (/ of Equation A.3-1) equals the area under the contin- 
uous curve of y versus x, but this curve is not available — we only know the function values at 
the discrete data points. The procedure generally followed is to fit approximating functions to 
the data points, and then to integrate these function analytically. 

The many existing quadrature formulas differ only in the choice of functions to fit to the 
data points. Two of the simplest approximations are to fit straight lines between successive 
points and sum the area under the lines, and to fit parabolas to successive triplets of points 
and sum the areas under the parabolas. These approximations lead to the quadrature for- 
mulas known respectively as the trapezoidal rule and Simpson's rule. We will discuss each 
in turn. 



A.3b The Trapezoidal Rule 

The area under a line through (x x , y{) and (x 2 , y 2 ) on a plot of y versus x is easily calculated. 



yz 



y\ 




r x z 

^> 'o = y<- 
J x. 



ydx = [x 2 



y\ + yz 



x l X Z 



The area under a series of points from x\ to x„ is obtained by a summation of such terms: 
/ = \[{x 2 - x x )(yi + y 2 ) + (x 3 - x 2 )(y 2 + y 3 ) + • • • + (x n - x n - X ){y n - X + y„)] 



Trapezoidal Rule: 



n-l 



y (x)dx = \ ~ xjXyj + yj+i) 



(A.3-2) 
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° Data point 
--- True function (unknown) 
— Approximating function 




j^T- /...• . 






.\\ 
' *\ 


/ , > . 


... 
' ! 

| 


1 1 '—— ' " 


1 

1 
1 


a 


b 



Figure A.3-1 Graphical illustration of the trapezoidal rule. 

If the abscissa values of the data points are spaced at equal intervals, then the trapezoidal rule 
simplifies to 

I = ~[(yi + yi) + (yz + v 3 ) + • • • + (y n ^ + y„)] 



Trapezoidal Rule— Equal Intervals: 




(A.3-3) 



where h is the distance between the x values of adjacent data points. Observe that to use the 
trapezoidal rule, you need not plot anything— simply substitute the tabulated data into Equa- 
tion A.3-2 or (for equal spacing) Equation A.3-3. 

The trapezoidal rule is an approximation, as are all quadrature formulas. Figure A.3-1 
illustrates the nature of the error introduced by its use. The integral to be evaluated 

rb 

I = I y(x)dx 



is the area under the dashed curve of Figure A.3-1, while the trapezoidal rule, Equation A.3-2, 
would yield the area under the straight-line segments, which could differ significantly from the 
correct value of I. Note also, however, that if there were many more data points in the interval 
between a and b, the approximating series of lines would follow the dashed curve much more 
closely, and the estimate of the integral would accordingly be more accurate. 



A.3c Simpson's Rule 



A second and more accurate quadrature formula is the one most often used. It is applicable 
only to an odd number of equally spaced data points and is based on fitting parabolic functions 
to successive groups of three points. 



y\ - 



Parabola through points 1-3 

- V 




Parabola through points 3-5 
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It can be shown after a fair amount of algebra that the area under a parabola through 
equally spaced points (x u y r ), (.x 2 , y 2 ), and (jc 3 , v 3 ) is 

h = j(yi + 4 y2 + y 3 ) 

where h is the interval between successive x values. Consequently, the area under a series of 
such parabolas fitted to n equally spaced points is 
h 

I = 3 [(vi + 4v2 + y 3 ) + (y 3 + 4v 4 + y s ) + ■ • ■ + (y n - 2 + 4v„_! + >•„)] 



Simpson's Rule: 




(A.3-4) 



If you happen to have an even number of data points, you may integrate over all but the first or 
last subinterval (omit whichever subinterval contributes least to the integral) using Simpson's 
rule, and over the remaining subinterval using the trapezoidal rule. 



EXAMPLE A.3-1 Simpson >s Rule 

The heat capacity of a gas is tabulated at a series of temperatures: 



7TQ 


20 50 


80 110 ■ 140 


170 


200 


230 


Cp[J/(mol-°C)] 


1 — ! 

28.95 29.13 


29.30 29.48 1 29.65 


29.82 


29.99 


30.16 



SOLUTION 



Calculate the change in enthalpy for 3.00 g-moles of this gas going from 20°C to 230°C. 

,- 130°C 



AH(J) = n 



.':o°c 



C„dT 



The data points are evenly spaced in the independent variable (T), so that Simpson's rule can be 
applied to the integration, but since there are an even number of points the trapezoidal rule must 
be applied over the first or last temperature interval. Since C p increases with temperature, we will 
apply the less accurate trapezoidal rule to the interval from 20°C to 50°C and use Simpson's rule 
between 50°C and 230°C. If AT( = 30°C) is the temperature interval between data points, Equations 
A.3-3 and A.3-4 yield 

" Ta AT AT 

C p dT - -x-(C pl + C p2 ) + — [C p2 + C p8 + 4(C p3 + C pi + C p7 ) + 2(C p4 + C^)] 

Ti L J 

= 6208 J/mol 



AH = (3.00 mol)(6208 J/mol) = 1.86 X 10 4 J 



The trapezoidal rule is exact if the function to be integrated is in fact linear in each interval 
between data points, while Simpson's rule is exact if the real function is parabolic or cubic in 
each interval. (The latter point is far from obvious; for proof, see any reference on numerical 
analysis.) 
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A.3d Numerical Integration of Analytical Functions 

When you have an analytical expression for an integrand y(x) but you cannot perform the 
integration from x = atox = b analytically, the procedure is to evaluate y at a series of values 
of x from a to b— that is, to generate a data table— and then to use a quadrature formula such 
as Simpson's rule to estimate the integral. Now, however, you have the choice of the number 
of evaluations of y{x) to make. 

As a rule, the accuracy of a quadrature formula increases with the number of points in the 
interval of integration, but so does the required computation time. Choosing the number of 
points to provide a suitable combination of accuracy and low computation time can be done 
using sophisticated numerical analysis techniques, but simple trial and error often suffices very 
well. A common procedure is to evaluate the integral using (say) 9 points, then 17, then 33, and 
so on (n new = 2«oid - 1), until successively calculated values agree within a specified tolerance. 
The last value should be a good approximation to the exact value of the integral. 



TEST 

YOURSELF 
(Answers, p. 663) 



Suppose f(x) = x 2 + 4. Evaluate { Q 4 f(x) dx: 

1. Analytically. 

2. Using the trapezoidal rule, with points at x = 0, 1, 2, 3, 4. 

3. Using Simpson's rule, with points at x = 0, 1, 2, 3, 4. Explain the relationship between 
the answers to 1 and 3. 
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Table B.3 Vapor Pressure of Water 0 



/>v(mm Hg) versus T(°C) 
Example: The vapor pressure of liquid water at 4.3°C is 6.230 mm Hg 
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1.437 


1.424 


1.411 


1.399 


1.386 


1.373 


-12 


1.632 


1.617 


1.602 


1.588 


1.574 


1.559 


1.546 


1.532 


1.518 


1.504 




-11 


1.785 


1.769 


1.753 


1.737 


1.722 


1.707 


1.691 


1.676 


1.661 


1.646 




-10 


1.950 


1.934 


1.916 


1.899 


1.883 


1.866 


1.849 


1.833 


1.817 


1.800 




-9 


2.131 


2.122 


2.093 


2.075 


2.057 


2.039 


2.021 


2.003 


1.985 


1.968 




-8 
o 


7 lift 


Z.JUO 


7 7Q 1 ; 
Z.ZOJ 


Z.ZDO 




2.226 


2.207 


2.187 


2.168 


2.149 




— 7 


7 ST7 


7 ^1 < 
Z.JiJ 




2.472 


2.450 


2.429 


2.408 


2.387 


2.367 


2.346 




— f. 


7 76^ 
z. / QJ 


7 747 
Z. / <+Z 


7 71 Q 

Z. / lo 


2.095 


2.672 


2.649 


2.626 


2.603 


2.581 


2.559 




— s 




7 087 


7 0£0 

z.yoz 


2.93 / 


2.912 


2.887 


2.862 


2.838 


2.813 


2.790 




A 

— 4 


*3 i on 

3.280 


3.252 


3.225 


3.198 


3.171 


3.144 


3.117 


3.091 


3.065 


3.039 






J.JOO 






3.4e0 


"J A C i 

3.451 


3.422 


3.393 


3.364 


3.336 


3.308 




—7 


J.OOU 


"3 848 


3.010 


3.7o5 


3.753 


3.722 


3.691 


3.660 


3.630 


3.599 




— 1 
X 


d 717 

H.Z 1 / 


4 1 87 


/f 1 AH 

4.14 / 


4.113 


4.079 


4.045 


4.012 


3.979 


3.946 


3.913 




-0 


4 S7Q 


4. ^47 


4.JU4 


4.467 


4.431 


4.395 


4.359 


4.323 


4.287 


4.252 


1 


0 


4.579 


4.613 


4.647 


4.681 


4.715 


4.750 


4.785 


4.820 


4.855 


4.890 


? 

Liquid 


1 


4.926 


4.962 


4.998 


5.034 


5.070 


5.107 


5.144 


5.181 


5.219 


5.256 


2 


5.294 


5.332 


5.370 


5.408 


5.447 


5.486 


5.525 


5.565 


5.605 


5.645 


water 


3 


5.685 


5.725 


5.766 


5.807 


5.848 


5.889 


5.931 


5.973 


6.015 


6.058 




4 


6.101 


6.144 


6.187 


6.230 


6.274 


6.318 


6.363 


6.408 


6.453 


6.498 




5 


6.543 


6.589 


6.635 


6.681 


6.728 


6.775 


6.822 


6.869 


6.917 


6.965 




6 


7.013 


7.062 


7.111 


7.160 


7.209 


7.259 


7.309 


7.360 


7.411 


7.462 




7 


7.513 


7.565 


7.617 


7.669 


7.722 


7.775 


7.828 


7.882 


7.936 


7.990 




8 


8.045 


8.100 


8.155 


8.211 


8.267 


8.323 


8.380 


8.437 


8.494 


8.551 




9 


8.609 


8.668 


8.727 


8.786 


8.845 


8.905 


8.965 


9.025 


9.086 


9.147 




10 


9.209 


9.271 


9.333 


9.395 


9.458 


9.521 


9.585 


9.649 


9.714 


9.779 




11 


9.844 


9.910 


9.976 


10.042 


10.109 


10.176 


10.244 


10.312 


10.380 


10.449 




12 


10.518 


10.588 


10.658 


10.728 


10.799 


10.870 


10.941 


11.013 


11.085 


11.158 




13 


11.231 


11.305 


11.379 


11.453 


11.528 


11.604 


11.680 


11.756 


11.833 


11.910 




14 


11.987 


12.065 


12.144 


12.223 


12.302 


12.382 


12.462 


12.543 


12.624 


12.706 




15 


12.788 


12.870 


12.953 


13.037 


13.121 


13.205 


13.290 


13.375 


13.461 


13.547 




16 


13.634 


13.721 


13.809 


13.898 


13.987 


14.076 


14.166 


14.256 


14.347 


14.438 




17 


14.530 


14.622 


14.715 


14.809 


14.903 


14.997 


15.092 


15.188 


15.284 


15.380 




18 


15.477 


15.575 


15.673 


15.772 


15.871 


15.971 


16.771 


16.171 


16.272 


16.374 




19 


16.477 


16.581 


16.685 


16.789 


16.894 


16.999 


17.105 


17.212 


17.319 


17.427 




20 


17.535 


17.644 


17.753 


17.863 


17.974 


18.085 


18.197 


18.309 


18.422 


18.536 




21 


18.650 


18.765 


18.880 


18.996 


19.113 


19.231 


19.349 


19.468 


19.587 


19.707 




22 


19.827 


19.948 


20.070 


20.193 


20.316 


20.440 


20.565 


20.690 


20.815 


20.941 




23 


21.068 


21.196 


21.324 


21.453 


21.583 


21.714 


21.845 


21.977 


22.110 


22.243 




24 


22.377 


22.512 


22.648 


22.785 


22.922 


23.060 


23.198 


23.337 


23.476 


23.616 



"From R. H. Perry and C. H. Chilton, Eds., Chemical Engineers' Handbook, 5th Edition. McGraw-Hill, New York, 1973, 
Tables 3-3 and 3-5. Reprinted by permission of McGraw-Hill Book Co. 
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Table B.3 (Continued) 



r(°c) 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 


25 


23.756 


23.897 


24.039 


24.182 


24.326 


24.471 


24.617 


24.764 


24.912 


25.060 


26 


25.209 


25.359 


25.509 


25.660 


25.812 


25.964 


26.117 


26.271 


26.426 


26.582 


27 


26.739 


26.897 


27.055 


27.214 


27.374 


27.535 


27.696 


27.858 


28.021 


28.185 


28 


TO "5 A A 

28.349 


no c-j A 


28.680 


OO O A 1 

28.847 


ZV.U15 


in -1 0 a 

29.184 


29.354 


29.525 


29.697 


29.870 


9Q 

Ly 


in run 


30 917 




JU.JUO 


^0 745 


^0 Q? 1 


31 109 
J 1 . 1 UZ 


11 981 
Jl.Zol 


31 4A1 
.51.401 


31-. 642 


30 


31.824 


32.007 


32.191 


32.376 


32.561 


32.747 


32.934 


33.122 


33.312 


33.503 


31 


33.695 


33.888 


34.082 


34.276 


34.471 


34.667 


34.864 


35.062 


35.261 


35.462 


32 


35.663 


35.865 


36.068 


36.272 


36.477 


36.683 


36.891 


37.099 


37.308 


37.518 


33 


in tic\ 

37.72V 


1H O/ll 


38.155 


IO 1£LC\ 

38.3ov 


11 

33. jo4 


IO OA 1 

38.801 


38.018 


39.237 


39.457 


39.677 




J7.070 


40 171 


40 ^44 




40 7QfS 


41 093 


41 9S1 
41. Zj 1 


41.48U 


41. / 1U 


A-t fM9 


35 


42.175 


42.409 


42.644 


42.880 


43.117 


43.355 


43.595 


43.836 


44.078 


44.320 


36 


44.563 


44.808 


45.054 


45.301 


45.549 


45.799 


46.050 


46.302 


46.556 


46.811 


37 


47.067 


47.324 


47.582 


47.841 


48.102 


48.364 


48.627 


48.891 


49.157 


49.424 


38 


49.692 


AC\ A£ 1 

49.961 


50.231 


ca cni 

50.502 


50.774 


51.048 


51.323 


51.600 


51.879 


52.160 




S9 44? 


S? 795 


jj.uxjy 


S3 9Q4 


S3 S80 
JJ.JOU 


Jj.oO / 


S/t 1 S£ 
D4.1J0 


<A AAA. 
J4.440 


sa 7'57 
34. 1 J 1 


jj.UjU 


40 


55.324 


55.61 


55.91 


56.21 


56.51 


56.81 


57.11 


57.41 


51.12 


58.03 


41 


58.34 


58.65 


58.96 


59.27 


59.58 


59.90 


60.22 


60.54 


60.86 


61.18 


42 


61.50 


61.82 


62.14 


62.47 


62.80 


63.13 


63.46 


63.79 


64.12 


64.46 


A 1 

43 


a a on 


0J.14 


AC AQ 
OJ.40 


fi^ 89 


00.10 


00.01 


66.86 


67.21 


0/.J& 


67.91 


44 


68.26 


68.61 


68.97 


69.33 


69.69 


70.05 


70.41 


70.77 


71.14 


71.51 


45 


71.88 


72.25 


72.62 


72.99 


73.36 


73.74 


74.12 


74.50 


74.88 


75.26 


46 


75.65 


76.04 


76.43 


76.82 


77.21 


77.60 


78.00 


78.40 


78.80 


79.20 


47 


79.60 


80.00 


80.41 


80.82 


81.23 


81.64 


82.05 


82.46 


82.87 


83.29 


48 


83.71 


84.13 


84.56 


84.99 


85.42 


85.85 


86.28 


86.71 


87.14 


87.58 


4Q 


88 (V 


00. ho 


00. yv 


89 34 


89 79 
o". / y 


00 94 


on AO 


Q1 1 4 
y 1.1H 


01 so 


09 OS 




n 
u 


1 

I 


9 


T. 


4 


s 


C. 
0 


7 


0 


Q 
y 


50 


92.51 


97.20 


102.09 


107.20 


112.51 


118.04 


123.80 


129.82 


136.08 


142.60 


60 


149.38 


156.43 


163.77 


171.38 


179.31 


187.54 


196.09 


204.96 


214.17 


223.73 


70 


233.7 


243.9 


254.6 


265.7 


277.2 


289.1 


301.4 


314.1 


327.3 


34*1.0 


80 


355.1 


369.7 


384.9 


400.6 


416.8 


433.6 


450.9 


468.7 


487.1 


506.1 


T(°C) 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 


90 


525.76 


527.76 


529.77 


531.78 


533.80 


535.82 


537.86 


539.90 


541.95 


544.00 


91 


546.05 


548.11 


550.18 


552.26 


554.35 


556.44 


558.53 


560.64 


562.75 


564.87 


92 


566.99 


569.12 


571.26 


573.40 


575.55 


577.71 


579.87 


582.04 


584.22 


586.41 


93 


588.60 


590.80 


593.00 


595.21 


597.43 


599.66 


601.89 


604.13 


606.38 


608.64 


94 


610.90 


613.17 


615.44 


617.72 


620.01 


622.31 


624.61 


626.92 


629.24 


631.57 


95 


633.90 


636.24 


938.59 


640.94 


643.30 


645.67 


648.05 


650.43 


652.82 


655.22 


96 


657.62 


660.03 


662.45 


664.88 


667.31 


669.75 


672.20 


674.66 


677.12 


679.69 


97 


682.07 


684.55 


687.04 


689.54 


692.05 


694.57 


697.10 


699.63 


702.17 


704.71 


98 


707.27 


709.83 


712.40 


714.98 


717.56 


720.15 


722.75 


725.36 


727.98 


730.61 


99 


733.24 


735.88 


738.53 


741.18 


743.85 


746.52 


749.20 


751.89 


754.58 


757.29 


100 


760.00 


762.72 


765.45 


768.19 


770.93 


773.68 


776.44 


779.22 


782.00 


784.78 


101 


787.57 


790.37 


793.18 


796.00 


798.82 


801.66 


804.50 


807.35 


810.21 


813.08 



640 Appendix B 

Table B.4 Antoine Equation Constants" 



log™ p* — A- j-^c p ' in mm H §' T in ° C 
Example: The vapor pressure of acetaldehyde at 25°C is determined as follows: 



log 10 Pc 2 H 4 o(25°C) = 8.00552 - ^~^- g = 2.9551 
=> Pc 2 h 4 o(25°C) = 10 2 - 9551 = 902 mmHg 



Compound 


Formula 


Kange ( C) 


A 


B 


C 


Acetaldehyde 


C 2 H 4 0 


-0.2 to 34.4 


8.00552 


1600.017 


291.809 


Acetic acid 


C 2 H 4 0 2 


29.8 to 126.5 


7.38782 


1533.313 


222.309 


Acetic acid* 


C2H4O2 


Oto 36 


7.18807 


1416.7 


225 


Acetic anhydride 


C4H6O3 


62.8 to 139.4 


7.14948 


1444.718 


199.817 


Acetone 


C 3 H 6 0 


-12.9 to 55.3 


7.11714 


1210.595 


229 664 


Acrylic acid 


C 3 H 4 0 2 


20.0 to 70.0 


5.65204 


648.629 


154.683 


Ammonia* 


NH3 


-83 to 60 


7.55466 


1002.711 


247.885 


Aniline 


C 6 H 7 N 


102.6 to 185.2 


7.32010 


1731.515 


206.049 


Benzene 


CgH^ 


14.5 to 80.9 


6.89272 


1203.531 


219.888 


n-Butane 




-78.0 to -0.3 


6.82485 


943.453 


239.711 


/ -Butane 


/ -C4H10 


-85.1 to -11.6 


6.78866 


899.617 


241.942 


1-Butanol 


C4H10O 


89.2 to 125.7 


7.36366 


1305.198 


173.427 


2-Butanol 


C4H1QO 


72.4 to 107.1 


7.20131 


1157.000 


168.279 


1-Butene 


C4H8 


-77.5 to -3.7 


6.53101 


810.261 


228.066 


Butyric acid 


C 4 H 8 0 2 


20.0 to 150.0 


8.71019 


2433.014 


255.189 


Carbon disulfide 


cs 2 


3.6 to 79.9 


6.94279 


1169.110 


241.593 


Carbon tetrachloride 


ecu 


14.1 to 76.0 


6.87926 


1212.021 


226.409 


Chlorobenzene 


C 6 H 5 C1 


62.0 to 131.7 


6.97808 


1431.053 


217.550 


Chlorobenzene* 


C 6 H 5 C1 


Oto 42 


7.10690 


1500.0 


224.0 


Chlorobenzene* 


C 6 H 5 C1 


42 to 230 


6.94504 


1413.12 


216.0 


Chloroform 


CHCI3 


-10.4 to 60.3 


6.95465 


1170.966 


226.232 


Chloroform* 


CHCI3 


-30 to 150 


6.90328 


1163.03 


227.4 


Cyclohexane 


C(iHi 2 


19.9 to 81.6 


6.84941 


1206.001 


223.148 


Cyclohexanol 


C 6 Hi 2 0 


93.7 to 160.7 


6.25530 


912.866 


109.126 


n-Decane 


az-CioH 22 


94.5 to 175.1 


6.95707 


1503.568 


194.738 


1-Decene 


CioH 2 o 


86.8 to 171.6 


6.95433 


1497.527 


197.056 


1 ,1-Dichloroethane 


C2H4G2 


-38.8 to 17.6 


6.97702 


1174.022 


229.060 


1 ,2-Dichloroethane 


C 2 H 4 C1 


-30.8 to 99.4 


7.02530 


1271.254 


222.927 


Dichloromethane 


CH 2 C1 2 


-40.0 to 40 


7.40916 


1325.938 


252.616 


Diethyl ether 


C 4 HiuO 


-60.8 to 19.9 


6.92032 


1064.066 


228.799 


Diethyl ketone 


C 5 H 10 O 


56.5 to 111.3 


7.02529 


1310.281 


214.192 


Diethylene glycol 


C 4 Hio0 2 


130.0 to 243.0 


7.63666 


1939.359 


162.714 


Dimethyl ether 


C 2 H 6 0 


-78.2 to -24.9 


6.97603 


889.264 


241.957 


Dimethylamine 


C 2 H 7 N 


-71.8 to 6.9 


7.08212 


960.242 


221.667 


A^A^Dimethylformamide 


C 3 H 7 NO 


30.0 to 90.0 


6.92796 


1400.869 


196.434 


1,4-Dioxane 


C 4 H 8 0 2 


20.0 to 105.0 


7.43155 


1554.679 


240.337 


Ethanol 


C 2 H«0 


19.6 to 93.4 


8.11220 


1592.864 


226.184 


Ethanolamine 


C2H7NO 


65.4 to 170.9 


7.45680 


1577.670 


173.368 


Ethyl acetate 


C 4 H S 0 2 


15.6 to 75.8 


7.10179 


1244.951 


217.881 


Ethyl acetate* 


C 4 Hg0 2 


-20 to 150 


7.09808 


1238.710 


217.0 


Ethyl chloride 


C 2 H 5 C1 


-55.9 to 12.5 


6.98647 


1030.007 


238.612 


Ethylbenzene 


QH10 


56.5 to 137.1 


6.95650 


1423.543 


213.091 



"Adapted from T. Boublik, V. Fried, and E. Hala, The Vapour Pressures of Pure Substances, Elsevier, 
Amsterdam, 1973. If marked with an asterisk (*), constants are from Lange's Handbook of Chemistry, 
9th Edition, Handbook Publishers, Inc., Sandusky, OH, 1956. 
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Table B.4 (Continued) 



Compound 


rurmuid 


Range { <_J 


A 
A 


ts 


C 


Ethylene glycol 


C 2 H 6 0 2 


50.0 to 200.0 


8.09083 


2088.936 


203.454 


Ethylene oxide 


C 2 H 4 0 


0.3 to 31.8 


8.69016 


2005.779 


334.765 


1 ,2-Ethylenediamine 


C 2 H 8 N 2 


26.5 to 117.4 


7.16871 


1336.235 


194.366 


Formaldehyde 


HCHO 


-109.4 to -22.3 


7.19578 


970.595 


244.124 


Formic acid 


CH 2 0 2 


37.4 to 100.7 


7.58178 


1699.173 


260.714 


Glycerol 


C 3 H 8 6 3 


183.3 to 260.4 


6.16501 


1036.056 


28.097 


/z-Heptane 


«-C 7 Hi 6 


25.9 to 99.3 


6.90253 


1267.828 


216.823 


/' -Heptane 


i "CyHig 


18.5 to 90.9 


6.87689 


1238.122 


219.783 


1-Heptene 


C7H14 


21.6 to 94.5 


6.91381 


1265.120 


220.051 


rt-Hexane 


«-C6Hi4 


13.0 to 69.5 


6.88555 


1175.817 


224.867 


/ -Hexane 


' -C6H14 


12.8 to 61.1 


6.86839 


1151.401 


228.477 


1-Hexene 


CoHi 2 


15.9 to 64.3 


6.86880 


1154.646 


226.046 


Hydrogen Cyanide 


HCN 


-16.4 to 46.2 


7.52823 


1329.49 


260.418 


Methanol 


CH,OH 


14.9 to 83.7 


8.08097 


1582.271 


239.726 


Methanol* 


CH3OH 


-20 to 140 


7.87863 


1473.11 


230.0 


Methyl acetate 


C 3 H 6 0 2 


1.8 to 55.8 


7.06524 


1157.630 


219.726 


Methyl bromide 


CH 3 Br 


-70.0 to 3.6 


7.09084 


1046.066 


244.914 


Methyl chloride 


CH 3 C1 


-75.0 to 5.0 


7.09349 


948.582 


249.336 


Methyl ethyl ketone 


C 4 H g O 


42.8 to 88.4 


7.06356 


1261.339 


221.969 


Methyl isobutyl ketone 


C 6 H 12 0 


21.7 to 116.2 


6.67272 


1168.408 


191.944 


Methyl methacrylate 


C 5 H 8 0 2 


39.2 to 89.2 


8.40919 


2050.467 


274.369 


Methylamine 


CH 5 N 


-83.1 to -6.2 


7.33690 


1011.532 


233.286 


Methylcyclohexane 


C?H 14 


25.6 to 101.8 


6.82827 


1273.673 


221.723 


Naphthalene 


CioHg 


80.3 to 179.5 


7.03358 


1756.328 


204.842 


Nitrobenzene 


C 6 H 5 N0 2 


134.1 to 210.6 


7.11562 


1746.586 


201.783 


Nitromethane 


CH 3 N0 2 


55.7 to 136.4 


7.28166 


1446.937 


227.600 


/t-Nonane 


«-CgH 2 o 


70.3 to 151.8 


6.93764 


1430.459 


201.808 


1-Nonene 


CgHig 


66.6 to 147.9 


6.95777 


1437.862 


205.814 


n-Octane 


AT-CgHig 


52.9 to 126.6 


6.91874 


1351.756 


209.100 


(' -Octane 


/ -C 8 Hi 8 


41.7 to 118.5 


6.88814 


1319.529 


211.625 


1-Octene 


QHig 


44.9 to 122.2 


6.93637 


1355.779 


213.022 


«-Pentane 


n-C 5 Hi 2 


13.3 to 36.8 


6.84471 


1060.793 


231.541 


i -Pentane 


i'-C 5 H 12 


16.3 to 28.6 


6.73457 


992.019 


229.564 


1-Pentanol 


C 5 H 12 0 


74.7 to 156.0 


7.18246 


1287.625 


161.330 


1-Pentene 


QH10 


12.8 to 30.7 


6.84268 


1043.206 


233.344 


Phenol 


C 6 H 6 0 


107.2 to 181.8 


7.13301 


1516.790 


174.954 


1-Propanol 


C 3 H 8 0 


60.2 to 104.6 


7.74416 


1437.686 


198.463 


2-Propanol 


C 3 H g O 


52.3 to 89.3 


7.74021 


1359.517 


197.527 


Propionic acid 


C 3 H 6 0 2 


72.4 to 128.3 


7.71423 


1733.418 


217.724 


Propylene oxide 


C 3 H 6 0 


-24.2 to 34.8 


7.01443 


1086.369 


228.594 


Pyridine 


C5H5N 


67.3 to 152.9 


7.04115 


1373.799 


214.979 


Styrene 


C 8 H 8 


29.9 to 144.8 


7.06623 


1507.434 


214.985 


Toluene 


C 7 H 8 


35.3 to 111.5 


6.95805 


1346.773 


219.693 


1 , 1 ,1 -Trichloroethane 


C 2 H 3 C1 3 


-5.4 to 16.9 


8.64344 


2136.621 


302.769 


1 ,1,2 -Trichloroethane 


C 2 H 3 C1 3 


50.0 to 113.7 


6.95185 


1314.410 


209.197 


Trichloroethylene 


C 2 HC1 3 


17.8 to 86.5 


6.51827 


1018.603 


192.731 


Vinyl acetate 


run 


21. 5 to 72.0 


7.21010 


1296.130 


226.655 


Water* 


H 2 0 


0 to 60 


8.10765 


1750.286 


235.000 


Water* 


H 2 0 


60 to 150 


7.96681 


1668.210 


228.000 


m -Xylene 


m-C 8 Hio 


59.2 to 140.0 


7.00646 


1460.183 


214.827 


o -Xylene 


o-CgHio 


63.5 to 145.4 


7.00154 


1476.393 


213.872 


/; -Xylene 


p-QH 10 


58.3 to 139.3 


6.98820 


1451.792 


215.111 
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Table B.5 Properties of Saturated Steam: Temperature Table" 



r(°c) 


/'(bar) 


Vim- 


7kg) 


#(kJ/kg) 




tf(kJ/kg) 




Water 


Steam 


Water 


Steam 


Water 


Evaporation 


Steam 


0.01 


0.00611 


0.001000 


206.2 


zero 


Zj /j.o 


+0.0 


2501.6 


2501.6 


2 


0.00705 


0.001000 


179.9 


8.4 


2378 ^ 


8.4 


2496.8 


2505.2 


4 


0.00813 


0.001000 


157.3 


16.8 


2381.1 


16.8 


2492.1 


2508.9 


0 


u.uuyjj 


a aai aaa 
U.UU1UUU 


1 LI Q 

li/.o 


25.2 


2383.8 


25.2 


2487.4 


2512.6 


8 

o 


0 01 07? 


0 001000 

\J .\J\J L\J\J\J 


191 0 


33.6 


2386.6 


J J.O 


7/189 A 
Z4OZ.0 


7^1 f, 7 

zoio.z 


10 


0.01227 


0.001000 


106.4 


4Z.U 


T2QO 1 

Zjoy.j 


42.0 


2477.9 


2519.9 


12 


0.01401 


0.001000 


93.8 


JU.4 


zjyz.i 


50.4 


2473.2 


2523.6 


14 


0.01597 


0.001001 


82.9 


58.8 


2394.8 


58.8 


2468.5 


2527.2 


16 


0.01817 


0.001001 


73.4 


67.1 


2397.6 


67.1 


2463.8 


2530.9 


1 Q 
lo 


U.UZUoZ 


n aai nm 


OJ.i 


75.5 


2400.3 


75.5 


2459.0 


2534.5 


20 


0.0234 


0.001002 


57.8 


HI Q 
OJ.y 


Z4U J .U 


83.9 


2454.3 


2538.2 


22 


0.0264 


0.001002 


51.5 


07 9 

yz.z 


Z4UJ.O 


92.2 


2449.6 


2541.8 


24 


0.0298 


0.001003 


45.9 


100.6 


2408 5 


100.6 


2444.9 


2545.5 


25 


0.0317 


0.001003 


43.4 


104.8 


2409.9 


104.8 


2442.5 


2547.3 


Zo 


U.Ujjo 




A 1 C\ 

41 .U 


108.9 


2411.2 


108.9 


2440.2 


2549.1 


28 


0 0378 


0 001 004 




117.3 


2414.0 


117'} 


Z4JJ.4 


7C^7 7 
ZjjZ./ 


30 


0.0424 


0.001004 


32.9 


17C 7 
1ZJ. 1 


Z4J.0. / 


125.7 


2430.7 


2556.4 


32 


0.0475 


0.001005 


29.6 


134.0 


2419 4 


134.0 


2425.9 


2560.0 


34 


0.0532 


0.001006 


26.6 


142.4 


2422.1 


142.4 


2421.2 


2563.6 




a nco/t 
U.Ujy4 


U.UOlUUo 


O A A 

24.U 


150.7 


2424.8 


150.7 


2416.4 


2567.2 


-JO 


0 0f\fO 


0 001 007 

U . VAJ x yJ W / 


.£1.0 


159.1 


2427.5 


KQ1 

ljy.i 


741 1 7 
Z41 1 . / 


7<7A Q 

Zj /U.o 


40 


0.0738 


0.001008 


19.55 


1 £7 /i 

10/. 4 


Z4JU.Z 


167.5 


2406.9 


2574.4 


42 


0.0820 


0.001009 


17.69 


175 8 


243? 9 


175.8 


2402.1 


2577.9 


44 


0.0910 


0.001009 


16.04 


184.2 


2435.6 


184.2 


2397.3 


2581.5 


40 


A -l riAn 

U.1UU9 


A AA1 A1 A 
U.UU1U1U 


14.5o 


192.5 


2438.3 


192.5 


2392.5 


2585.1 


48 


0 1116 


0 00101 1 




200.9 


2440.9 


7nn o 
zuu.y 


7-207 7 
ZJO / . / 


ZjOO.O 


50 


0.1234 


0.001012 


12.05 


zuy.z 


Z44J.0 


209.3 


2382.9 


2592.2 


52 


0.1361 


0.001013 


10.98 


217.7 


2446 


217.7 


2377 


2595 


54 


0.1500 


0.001014 


10.02 


226.0 


2449 


226.0 


2373 


2599 


56 


0.1651 


0.001015 


9.158 


234.4 


2451 


234.4 


2368 


2602 


58 


0.1815 


0.001016 


8.380 


242.8 


2454 


242.8 


2363 


2606 


60 


0.1992 


0.001017 


7.678 


251.1 


2456 


251.1 


2358 


2609 


62 


0.2184 


0.001018 


7.043 


259.5 


2459 


259.5 


2353 


2613 


64 


0.2391 


0.001019 


6.468 


267.9 


2461 


267.9 


2348 


2616 


66 


0.2615 


0.001020 


5.947 


276.2 


2464 


276.2 


2343 


2619 


68 


0.2856 


0.001022 


5.475 


284.6 


2467 


284.6 


2338 


2623 



"From R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, 
London, 1968. V = specific volume, 0 = specific internal energy, and H - specific enthalpy. Nofe; 
kJ/kg X 0.4303 = Btu/lb m . 
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Table B.5 (Continued) 



r(°C) 


P(bar) 


V(m 3 


/kg) 


tf(kJ/kg) 




//(kJ/kg) 




Water 


Steam 


YVdlCI 


J LCul 11 


Water 


Evaporation 


Steam 


70 


0.3117 


0 001023 


5.045 


293.0 


2469 


293.0 


2333 


2626 


72 


0.3396 


0 001024 


4.655 


301.4 


2472 


301.4 


2329 


2630 


74 


0.3696 


0 001025 

\J P \J\J i \j jLj^J 


4.299 


309.8 


2474 


309.8 


2323 


2633 


76 


0.4019 


0.001026 


3.975 


318.2 


2476 


318.2 


2318 


2636 


78 


0.4365 


0.001028 


3.679 


326.4 


2479 


326.4 


2313 


2639 


80 


0.4736 


0 001029 


3.408 


334.8 


2482 


334.9 


2308 


2643 


82 


0.5133 


0.001030 


3.161 


343.2 


2484 


343.3 


2303 


2646 


84 


0.5558 


0.001032 


2.934 


351.6 


2487 


351.7 


2298 


2650 


86 


0.6011 


0.001033 


2.727 


360.0 


2489 


360.1 


2293 


2653 


88 


0.6495 


0.001034 


2.536 


368.4 


O A I'M 

2491 


368.5 


2288 


2656 


90 


0.7011 


0.001036 


2.361 


376.9 


2493 


377.0 


2282 


2659 


92 


0.7560 


0.001037 


2.200 


385.3 


2496 


385.4 


2277 


2662 


94 


0.8145 


0.001039 


2.052 


393.7 


2499 


393.8 


2272 


2666 


96 


0.8767 


0.001040 


1.915 


402.1 


2501 


402.2 


2267 


2669 


98 


0.9429 


0.001042 


1.789 


410.6 


2504 


410.7 


2262 


2673 


100 


1.0131 


0.001044 


1.673 


419.0 


2507 


419.1 


2257 


2676 


102 


1.0876 


0.001045 


1.566 


427.1 


2509 


427.5 


2251 


2679 
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650 Appendix B 

Table B.7 Properties of Superheated Steam" 



oat a 


oat a 


Tempera 


ture (°C)— » 














Water 


Steam 


50 


75 


100 


1 ^0 

i JU 


zuu 


250 


300 


350 






2595 


2642 


2689 


2784 


2880 


2978 


3077 


3177 






9/1 /1£ 




2517 


2589 


2662 


2736 


2812 


2890 


191.0 


2584.8 


2593 


2640 


2688 


2783 


2880 


2977 


3077 


3177 


191.8 


2438.0 


2444 




2516 


2588 


2661 


2736 


2812 


2890 


0.00101 


14.7 


14.8 


16.0 


17.2 


19.5 


91 fi 


1A ") 

Z4.Z 


26.5 


28.7 


340.6 


2646.0 


209.3 


313.9 


2683 


2780 


2878 


2979 


3076 


3177 


340.6 


2484.0 


209.2 


inn 


ZMz 


2586 


2660 


2735 


2811 


2889 


0.00103 


3.24 


0.00101 


0.00103 


3.41 


3.89 


J. 


A Q1 
4.5 J 


j.zy 


C 9C 

J.I J 


,117 f 


2675.4 


209.3 


314.0 


2676 


2776 


2875 


2975 


3074 


3176 


417.5 


2506.1 


209.2 


313.9 


7^07 


ZjoJ 


ZOJtt 


2734 


2811 


2889 


0.00104 


1.69 


0.00101 


0.00103 


1.69 


1.94 


9 17 


7 Ad 
Z.4U 


1 (-A 

Z.D4 


2.87 


£4A 1 


2747.5 


209.7 


314.3 


419.4 


632.2 


2855 


2961 


3065 


3168 


639.6 


2560.2 


209.2 


313.8 


41 8 8 
tj.0.0 


6^1 fx 


Z04j 


2724 


2803 


2883 


0.00109 


0.375 


0.00101 


0.00103 


0 00104 






A A1A 
U.4/4 


ft ^99 
U.D22 


0.571 


/oz.o 


2776.2 


210.1 


314.7 


419.7 


632.5 


2827 


2943 


3052 


3159 


761.5 


2582 


209.1 


71 ^ 7 
jij. / 


A 1 O T 

418./ 


631.4 


2621 


2710 


2794 


2876 


0.00113 


0.194 


0.00101 


0.00103 


0 001 04 




n 70£ 


A Til 


0.258 


0.282 


yuo.o 


2797.2 


211.0 


315.5 


420.5 


633.1 


852.6 


2902 


3025 


3139 


906.2 


2598.2 


209 0 




418.4 


603.9 


850.2 


2679 


2774 


2862 


0.00118 


0.09950 


0.00101 


0.00102 


0 001 04 


f) 0010Q 


a mi 1 

U.UUi 10 


n 111 
U. Ill 


ft 1 9C 


0.139 


1 AO"? A 


2800.3 


212.7 


317.1 


422.0 


634.3 


853.4 


1085.8 


2962 


3095 


1082.4 


2601.3 


208.6 


313.0 


417.8 


630 0 


0-+0.O 


IU0U.0 


2727 


2829 


0.00125 


0.04975 


0.00101 


0.00102 


0 00104 


0 noiOQ 


n 001 i ^ 

U.UUI i J 


A AA1 
U.UULZD 


0.0588 


0.0665 


1-1117 


2785.0 


214.4 


318.7 


423.5 


635.6 


854.2 


1085.8 


2885 


3046 


1205.8 


2590.4 


iUO.J 


jlZ.O 


417.3 


629.1 


847.3 


1078.3 


2668 


2792 


0.00132 


0.0325 


0.00101 


0.00103 


0 00104 


0 nni no 


0 001 1 


A Anne 
U.UUIZD 


0.0361 


0.0422 


1317.1 


2759.9 


216.1 


320.3 


425.0 


636.8 


855.1 


1085.8 


2787 


2990 


1306.0 


2571.7 


208.1 


312.3 


416.7 


628 2 




1 A*7< Q 
1U/J.O 


2593 


2750 


0.00139 


0.0235 


0.00101 


0.00102 


0 001 04 




n 0/11 1 s 

U.UUI I J 


A AA1 1A 

U.UU1Z4 


0.0243 


ft A9(V! 

0.0299 


1408.0 


2727.7 


217.8 


322.9 


426.5 


638.1 


855.9 


1085.8 


1343.4 


2926 


1393.5 


2547.3 


907 a 


Jl 1. / 


416.1 


627.3 


844.4 


1073.4 


1329.4 


2702 


0.00145 


0.0181 


0.00101 


0.00102 


0 00104 


0 0010Q 

1U7 


0 001 1 ^ 

U.UUI I J 


A AA1 1A 
U.UUI Z4 


A AA1 Af\ 


0.0224 


1611.0 


2615.0 


222.1 


326.0 


430.3 


641.3 


858.1 


1086.2 


1338.2 


2695 


1586.1 


2459.9 


207 0 


J iU. i 


,4 1 A 1 

414.7 


625.0 


841.0 


1067.7 


1317.6 


2523 


0.00166 


0.0103 


0.00101 


0.00102 


0.00104 


0 00108 


0.00114 


0 001 7^ 
U.UUIZj 


n AA1 1Q 


A A1 1 v 


18Z0.J 


2418.4 


226.4 


330.0 


434.0 


644.5 


860.4 


1086.7 


1334.3 


1647.1 


1785.7 


2300.8 


206.3 


30Q 7 


A 1 "2 O 
41J.Z 


£99 n 


837.7 


1062.2 


1307.1 


1613.7 


0.00204 


0.005875 


0.00100 


0.00102 


0.00103 


0.00108 


0.00114 


0 001 77 


0 001 i« 

U.UU I JO 


A AA 1 AT 


9 1 0S 


01 no 
ZlUo 


228.2 


331.7 


435.7 


645.8 


861.4 


1087.0 


1332.8 


1635.5 


2037.8 


2037.8 


206.0 




/in 0 

41Z.O 


622.0 


836.3 


1060.0 


1302.9 


1600.3 


0.00317 


0.00317 


0.00100 


0.00102 


0.00103 


0 00108 


0.00114 


0 001 77 

U.UU1ZZ 


0 AA1 3<s 
U.UUI j J 


A AA1 6.1 
U.UU10J 






230.7 


334.0 


437.8 


647.7 


862.8 


1087.5 


1331.1 


1625.0 






205.7 




/11 9 1 


62U.5 


834.4 


1057.0 


1297.5 


1585.0 


_ 




0.00100 


0.00101 


0.00103 


0.00108 


0.00113 


0.00122 


0 001 1^ 

U.UUI J J 


a run &n 






91c n 


338.1 


441.6 


650.9 


865.2 


1088.4 


1328.7 


1609.9 






205 0 


WJ 7 


410.8 


618.7 


831.3 


1052.1 


1288.7 


1563.3 






0.0009990 


0.00101 


0.00103 


0.00107 


0.00113 


0.00121 


0.00133 


0.00155 






251.9 


354.2 


456.8 


664.1 


875.4 


1093.6 


1323.7 


1576.3 






202.4 


304.0 


405.8 


611.0 


819.7 


1034.3 


1259.3 


1504.1 






0.0009911 


0.00100 


0.00102 


0.00106 


0.00111 


0.00119 


0.00129 


0.00144 






293.9 


394.3 


495.1 


698.0 


903.5 


1113.0 


1328.7 


1550.5 






196.5 


295.7 


395.1 


594.4 


795.3 


999.0 


1207.1 


1419.0 






0.0009737 


0.0009852 


0.001000 


0.00104 


0.00108 


0.00114 


0.00122 


0.00131 



P(bar) 
(7W°C) 



0.0 
(-) 

0.1 
(45.8) 

0.5 
(81.3) 

1.0 
(99.6) 

5.0 
(151.8) 

10 
(179.9) 

20 
(212.4) 

40 
(250.3) 

60 
(275.6) 

80 
(295.0) 

100 

(311.0) 

150 
(342.1) 

200 
(365.7) 

221.2(/' c ) 
(374.15)(r c ) 

250 
(-) 

300 
(-) 

500 

(-) 

1000 

(-) 



H 

u 

V 
H 

0 
v 

H 

U 
V 

H 

0 
v 

H 

0 

V 

H 

U 
V 

/? 
u 

V 
H 

0 
v> 

H 

U 
V 
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0 
V 

H 

0 
V 

H 
U 
V 



V 
H 



H 

0 
v 

H 

u 

V 



"Adapted from R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, London, 1968. 
Water is a liquid in the enclosed region between 50°C and 350°C. H = specific enthalpy (kJ/kg), U = specific internal energy 
(kJ/kg), V = specific volume (m 3 /kg). Note: kJ/kg x 0.4303 = Btu/lb m . 

(continued ) 



Table B.7 (Continued) 
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/>(bar) Temperature (°C) — 



IT Ti 
\ l sat. w 




<tvjv 


A £A 




jjU 


6UU 


650 


700 


750 


0.0 


H 


3280 


3384 


3497 


3597 


3706 


3816 


3929 


4043 


(— ) 


0 
v 


2969 


3050 


3132 


3217 


3303 


3390 


3480 


3591 


0.1 


H 


3280 


3384 


3489 


3596 


3706 


3816 


~ 
3929 


— 
4043 


(45.8) 


0 


2969 


3050 


3132 


3217 


3303 


3390 


3480 


3571 




y 


71 1 
£1.1 


jj.j 


7S 7 


JO.U 




42.6 


44.8 


47.2 


0.5 


H 


3279 


3383 


3489 


3596 


3705 


3816 


3929 


4043 


(81.3) 


0 


2969 


3049 


3132 


3216 


3302 


3390 


3480 


3571 




y 


« 71 


6.67 


7 Id 

/ .it 


7 SS 

/ .JO 


o.UD 


8.55 


9.01 


9.43 


1.0 


H 


3278 


3382 


3488 


3596 


3705 


3816 


3928 


4042 


(99.6) 


0 


2968 


3049 


3132 


3216 


3302 


3390 


3479 


3570 




y 


^ 1 1 

J.l 1 


3.33 


S7 


1 SA 
j.ou 


a ni 
4.UJ 


4.26 


4.48 


4.72 


5.0 


H 


3272 


3379 


3484 


3592 


3702 


3813 


3926 


4040 


(151.8) 


0 


2964 


3045 


3128 


3213 


3300 


3388 


3477 


3569 




y 


n m 7 

U.D1 / 


0.664 


ft 71 1 

U. / 11 


ft 7SH 

U. / JO 


0.804 


0.850 


0.897 


0.943 


10 


H 


3264 


3371 


3478 


3587 


3697 


3809 


3923 


4038 


(179.9) 


U 


2958 


3041 


3124 


3210 


3296 


3385 


3475 


3567 




y 


U. JU ' 


ft ^irt 

U.J JU 


U. J JJ 


n ^77 

U.J / / 


0.402 


0.424 


0.448 


0.472 


20 


H 


3249 


3358 


3467 


3578 


3689 


3802 


3916 


4032 


(212.4) 


U 


2946 


3031 


3115 


3202 


3290 


3379 


3470 


3562 




y 


n is! 


0.163 


U. 1 / J 


ft 1 ss 
U.I 00 


0.200 


0.211 


0.223 


0.235 


40 


H 


3216 


3331 


3445 


3559 


3673 


3788 


3904 


4021 


(250.3) 


0 


2922 


3011 


3100 


3188 


3278 


3368 


3460 


3554 




y 


U.U / J-+ 


ft 07Q0 


U.U0O4 


u.uyzo 


0.U987 


0.105 


0.111 


0.117 


60 


H 


3180 


3303 


3422 


3539 


3657 


3774 


3892 


4011 


(275.6) 


0 


2896 


2991 


3083 


3174 


3265 


3357 


3451 


3545 




y 


U.U'r / ■+ 


U.UJil 


u.Ujoo 


A AAAO 

u.uouy 


0.0652 


0.0693 


0.0735 


0.0776 


80 


H 


3142 


3274 


3399 


3520 


3640 


3759 


3879 


4000 


(295.0) 


0 


2867 


2969 


3065 


3159 


3252 


3346 


3441 


3537 




y 






n rui 7 


U.U4JU 


0.0483 


0.0515 


0.0547 


0.0578 


100 


H 


3100 


3244 


3375 


3500 


3623 


3745 


3867 


3989 


(311.0) 


0 


2836 


2946 


3047 


3144 


3240 


3335 


3431 


• 3528 




y 






U.UjZo 


U.UjjO 


A m OT 

0.0383 


0.0410 


0.0435 


0.0461 


150 


H 


2975 


3160 


3311 


3448 


3580 


3708 


3835 


3962 


(342.1) 


U 


2744 


2883 


2999 


3105 


3207 


3307 


3407 


3507 




y 


U.ul J / 


n m ss 


u.uzuo 


A A77Q 


0.0249 


0.0267 


0.0286 


0.0304 


200 


H 


2820 


3064 


3241 


3394 


3536 


3671 


3804 


3935 


(365.7) 


0 


2622 


2810 


2946 


3063 


3172 


3278 


3382 


3485 




y 


\J.\J\J7 VJU 


Pl 0177 
U.U1Z / 


n ni ah 


a ni aa 


0.0182 


0.197 


0.211 


0.0225 


221.2(/' c ) 


H 


2733 


3020 


3210 


3370 


3516 


3655 


3790 


3923 


(374.15)(r c ) 


0 


2553 


2776 


2922 


3045 


3157 


3265 


3371 


3476 




y 


n final S7 

U.UVJO 1 J 1 


n m 1 n 


U.Ul JU 


U.U14/ 


0.0162 


0.0176 


0.0190 


0.0202 


250 


H 


2582 


2954 


3166 


3337 


3490 


3633 


3772 


3908 


(— ) 


U 


2432 


2725 


2888 


3019 


3137 


3248 


3356 


3463 




V 


A AA£A ! 1 


a nAon/i 
U.UuV 1 /4 


0.0111 


0.0127 


0.0141 


0.0143 


0.0166 


0.0178 


300 


H 


2162 


2826 


3085 


3277 


3443 


3595 


3740 


3880 


(-) 


0 


2077 


2623 


2825 


2972 


3100 


3218 


3330 


3441 




V 


0.002830 


0.006734 


0.008680 


0.0102 


0.0114 


0.0126 


0.0136 


0.0147 


500 


H 


1878 


2293 


2723 


3021 


3248 


3439 


3610 


3771 


(-) 


0 


1791 


2169 


2529 


2765 


2946 


3091 


3224 


3350 




V 


0.001726 


0.002491 


0.003882 


0.005112 


0.006112 


0.007000 


0.007722 


0.008418 


1000 


H 


1798 


2051 


2316 


2594 


2857 


3105 


3324 


3526 


(_) 


0 


1653 


1888 


2127 


2369 


2591 


2795 


2971 


3131 




V 


0.001446 


0.001628 


0.001893 


0.002246 


0.002668 


0.003106 


0.003536 


0.003953 



652 Appendix B 

Table B.8 Specific Enthalpies of Selected Gases: SI Units 



//(kJ/mol) 

Reference state: Gas, P nf = 1 atm, 7 ref = 25°C 



T 


Air 


o-> 




fl2 


cu 


co 2 


H 2 0 


0 


-0.72 


-0.73 


-0.73 


-0.72 


-0.73 


-0.92 


-0.84 


25 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


100 


2.19 


2.24 


2.19 


2.16 


2.19 


2.90 


2.54 


200 


5.15 


5.31 


5.13 


5.06 


5.16 


7.08 


6.01 


300 


8.17 


8.47 


8.12 


7.96 


8.17 


11.58 


9.57 


400 


11.24 


11.72 


11.15 


10.89 


11.25 


16.35 


13.23 


500 


14.37 


15.03 


14.24 


13.83 


14.38 


21.34 


17.01 


600 


17.55 


18.41 


17.39 


16.81 


17.57 


26.53 


20.91 


700 


20.80 


Z.-L.OO 




1 Q Q1 


20.82 


31.88 


24.92 


800 


24.10 


25.35 


23.86 


22.85 


24.13 


37.36 


29.05 


900 


27.46 


28.89 


27.19 


25.93 


27.49 


42.94 


33.32 


1000 


30.86 


32.47 


30.56 


29.04 


30.91 


48.60 


37.69 


1100 


34.31 


36.07 


33.99 


32.19 


34.37 


54.33 


42.18 


1200 


37.81 


39.70 


37.46 


35.39 


37.87 


60.14 


46.78 


1300 


41.34 


43.38 


40.97 


38.62 


41.40 


65.98 


51.47 


1400 


44.89 


47.07 


44.51 


41.90 


44.95 


71.89 


56.25 


1500 


48.45 


50.77 


48.06 


45.22 


48.51 


77.84 


61.09 



Table B.9 Specific Enthalpies of Selected Gases: 
American Engineering Units 



tf(Btu/lb-mole) 
Reference state: Gas, P ref = 1 atm, T tt{ = 77°F 



T 


Air 


o 2 


N 2 


H 2 


CO 


C0 2 


H 2 0 


32 


-312 


-315 


-312 


-310 


-312 


-394 


-361 


77 


0 


0 


0 


0 


0 


0 


0 


100 


160 


162 


160 


159 


160 


206 


185 


200 


858 


875 


857 


848 


859 


1132 


996 


300 


1563 


1602 


1558 


1539 


1564 


2108 


1818 


400 


2275 


2342 


2265. 


2231 


2276 


3129 


2652 


500 


2993 


3094 


2976 


2925 


2994 


4192 


3499 


600 


3719 


3858 


3694 


3621 


3720 


5293 


4359 


700 


4451 


4633 


4418 


4319 


4454 


6429 


5233 


800 


5192 


5418 


5150 


5021 


5195 


7599 


6122 


900 


5940 


6212 


5889 


5725 


5945 


8790 


7025 


1000 


6695 


7015 


6635 


6433 


6702 


10015 


7944 


1100 


7459 


7826 


7399 


7145 


7467 


11263 


8880 


1200 


8230 


8645 


8151 


7861 


8239 


12533 


9831 


1300 


9010 


9471 


8922 


8581 


9021 


13820 


10799 


1400 


9797 


10304 


9699 


9306 


9809 


15122 


11783 


1500 


10590 


11142 


10485 


10035 


10606 


16436 


12783 


1600 


11392 


11988 


11278 


10769 


11409 


17773 


13798 


1700 


12200 


12836 


12080 


11509 


12220 


19119 


14831 


1800 


13016 


13691 


12888 


12254 


13036 


20469 


15877 


1900 


13837 


14551 


13702 


13003 


13858 


21840 


16941 


2000 


14663 


15415 


14524 


13759 


14688 


23211 


18019 



Physical Property Tables 



Table B.10 Atomic Heat Capacities 
for Kopp's Rule" 



C p „fJ/(g-atom-°C)] 



Element 


Solids 


i— fi\J UIUj 


c 






H 


9.6 


18 


B 


11 


20 


Si 


16 


24 


0 


17 


25 


F 


21 


29 


P 


23 


31 


S 


26 


31 


All Others 


26 


33 



"D. M. Himmelblau. Basic Principles and 
Calculations in Chemical Engineering, 3rd 
Edition. Prentice-Hall, Engiewood Cliffs, 
NJ, 1974. p. 270. 



Table B.11 Integral Heats of Solution and Mixing at 25°C 



(A/?s) H ci( g ) (A# s ) Na0 H(s) (A# m ) H ,so 4 
r(mol H 2 Q/mol solute) kJ/mol HC1 kJ/mol NaOH kJ/molH 2 S0 4 



0.5 






-15.73 


1 


-26.22 




-28.07 


1.5 






-36.90 


2 


-48.82 




-41.92 


3 


-56.85 


-28.87 


-48.99 


4 


-61.20 


-34.43 


-54.06 


5 


-64.05 


-37.74 


-58.03 


10 


-69.49 


-42.51 


-67.03 


20 


-71.78 


-42.84 




25 






-72.30 


30 


-72.59 


-42.72 




40 


-73.00 


-42.59 




50 


-73.26 


-42.51 


-73.34 


100 


-73.85 


-42.34 


-73.97 


200 


-74.20 


-42.26 




500 


-74.52 


-42.38 


-76.73 


1000 


-74.68 


-42.47 


-78.57 


2000 


-74.82 


-42.55 




5000 


-74.93 


-42.68 


-84.43 


10000 


-74.99 


-42.72 


-87.07 


50000 


-75.08 


-42.80 




100000 


-75.10 




-93.64 


500000 






-95.31 


CO 


-75.14 


-42.89 


-96.19 



-From J. C. Whitwell and R. K. Toner. Conservation of Mass and Energy, pp. 344-346. 
Copyright © 1969 by McGraw-Hill, Inc. Used with permission of McGraw-Hill. 
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ANSWERS TO TEST YOURSELVES 



p. 9 

1. A ratio of equivalent values of a quantity expressed in dif- 
ferent units. 

2. (60s)/(lmin) 

3. (1 min 2 )/(3600 s 2 ) 

4. (1 m 3 )/(10 6 cm 3 ) 

p. 11 

1. (a) (1000 mm)/ (1 m); (b) (10" 9 s)/(l ns); 

(c) (1 m 2 )/(10 4 cm 2 ); (d) (1 m 3 )/ (35.3145 ft 3 ); 

(e) (9.486 X 10~ 4 Btu/s)/ (1.341 x 10~ 3 hp) 

2. m/s; cm/s; ft/s 
p. 13 

1. 2 N; (2/32.174) lb f 

2. No 

3. 1 kg; same; less 

4. 2 lb m ; same; less 

p. 15 

1. (a) 1.22 X 10 4 (3 si.); (b) 1.22000 X 10 4 (6 s.f.); 
(c) 3.040 X 10~ 3 (4 s.f.) 

2. (a) 134,000 (3 s.f.); (b) 0.01340 (4 s.f.); (c) 4200 (3 s.f.) 

3. (a) 3s.f.; (b) 2 s.f.; (c) 3 s.f., 11.2; (d) 2 s.f., 12 

4. (a) 1460; (b) 13.4; (c) 1.76 X 10~ 7 

5. (a) 4.25-4.35; (b) 4.295-4.305; 

(c) 2.7775 X 10~ 3 -2.7785 X 10" 3 ; 

(d) 2450-2550; (e) 2499.5-2500.5 

p. 18 

1. Breakdowns, routine or unplanned shutdowns, or in- 
stalling new equipment in the second week. (Many other 
possibilities exist.) 

2. 35.5 or 35 batches/week. 

3. 40 batches/week. The second week was clearly abnormal 
and shouldn't influence the prediction. 

p. 19 

1. V = 231 A cm 3 /s, range = 21 cm 3 /s, s 2 v = 66.3 cm 6 /s 2 , 
s v = 8.1 cm 3 /s 

2. V = 237 '.4 cm 3 /s ± 16.2 cm 3 /s 

p. 22 

1. All additive terms have the same dimensions. No. Yes. 

2. m- 2 -s" 2 



3. A multiplicative combination of factors with no net units; 
st 2 lr or rlst 2 . 

4. a(lbf); Q is dimensionless. 
p. 23 

1. Substitute in Equation 2.7-1. 

2. Correct; too high; too low; too low. 

p. 27 

1. y = a(x 2 - 2) 

2. (b) Plot 1/ v versus (x - 3) : : a = slope, b - in:ercepi 

(c) Plot y 3 versus x 1 ; a = slope, b = -intercept. 

(d) Plot J x/ sin y versus x : a = slope, b = iniercepL 

(e) Plot In y versus x: b = ln(y 2 y- ) (.r : - .r- 1. 
In a = Inyi - bx u a = e taa . 

(f) Plot In y versus In x: b - ln(yz y\) ln(.r ; x ).lnc = 
lnyi - b\nx\, a - e laa . 

p. 29 

1. (a) P = at + b; (b) P = ae b '\ 

(c) P = at h \ (d) y 2 = 3 + aexp(b x z ): 
(e) l/F = a(t 2 - 

2. (a) P versus t on a semilog paper: 

(b) P versus t on log paper: 

(c) P 2 versus r 3 on semilog paper: 

(d) 1/ P (or P ) versus (t - 4) on log paper. 

p. 44 

1. Dimensionless. 

2. 0.50 g/cm 3 ; 2.0 cm 3 /g; 31 lb m /ft 3 ; 1.5 g: 36 cm 1 

3. Yes. 

4. No — possibly different reference densities usee for sich. 

PH 2 0(») < Pli 2 0(I); PNBA(s) > PSBA(l) 

6. When T rises, the mercury in the thermomeier expazes. 
At higher temperatures the same mass ".bus ccccpits a 
greater volume, meaning that the densin of — ercar> = 
mlV) decreases. 

p. 46 

1. 10.0cm 3 /s 

2. 159.5 g/min 

3. Same; same; greater at outlet, 
p. 47 

1. lOOmL/min; 100 g/min 

2. Flowmeters — see Figure 3.2-1. 
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3. Too low (the gas is much less dense, so it must flow at a 
much higher rate than the liquid to raise the float to the 
same position). 

p. 49 

1. (a) 6.02 X 10 23 molecules; 
(b) M grams 

2. The molecular weight of the species expressed in tons. 

3. (a) 1 lb-mole, 2 lb m 
(b) 2 lb-moles. 2 lb m 

4. 2000 

5. 50kmol/h 

p. 52-a 

1. (a) 80/81; (b) 0.5 

2. 0.25 lb m A/lb ra ; 0.75 lb m B/lb m ; 0.333 mole A/mole; 0.667 
mole B/mole; 100 lb m A/min; 100 lb-moles B/min; 400 
lb ra /min; 150 lb-moles/min 

p. 52-b 

1. n/V(mol/L) 

2. nM/V{glV) 

3. (20/C A )(L) 

4. (120c A )g/h 

p. 54 

1. x = 125 X 10~ 9 kg QH 5 OH/kg liquid (or g/g or lb m /lb m ) 

2. 0.125 mg C 6 H 5 OH 

3. 125 X 10~ 6 g C 6 H 5 OH/L. (Solution density - 1 kg/L.) 
p. 56-a 

1. See Figures 3.4-1 and 3.4-2 and Equation 3.4-2. 

2. The fluid pressure is higher at the bottom than at the top 
(hydrostatic head effect). No. Maybe. Yes. (The answers 
depend on how large the tank is.) 

3. No. Convert 1300 mm Hg to (say) dynes/cm 2 , then multi- 
ply by 4 cm 2 to calculate F(dynes). 

4. 79 mm Hg 

p. 56-b 

1. No 

2. Pressure relative to a vacuum; pressure relative to atmo- 
spheric pressure. 

3. 735 mm Hg (absolute); 20 mm Hg of vacuum. 

4. 4 in. Hg; 33.9 in. Hg 

p. 59 

1. See Figure 3.4-3; 0-7000 atm; gauge. 

2. See Figure 3.4-4. 



3. (a) True; (b) true; (c) false 

4. -14mmHg 

p. 62 

1. Immerse in ice-water mixture, mark mercury level as 0°. 
Immerse in boiling water, mark level as 100°. Divide 0 to 
100 interval into 100 equal subintervals, label appropri- 
ately. 

2. 1°C 

3. 1°C 

p. 84 

1. Semibatch. transient 

2. Bacch. transient 

3. Semibatch, transient 

4. (a) Continuous, transient; 
(b) continuous, steady state 

p. 89 

3. Steady-state, either no reactions or no net mole change 
on reaction (e.g., A-*B but not A-^2B or A + B-*C). 

4. Steady-state, A is nonreactive. 

5. Steady-state, no density change from inlet to outlet. 
(Good approximation for liquids and solids, effectively 
requires no reactions and constant temperature and pres- 
sure for gases.) 

p. 93 

2. m T = 250(1 - x)/60 

3. n = (75)(1.595)/(154) 

4. m = 50 + m dg ; m Q0 = 0.25m dg ; y = 0.75m dg /(50 + m dg ) 
p. 95 

1. (atoms) in = (atoms) ou t for each atomic species; multi- 
ply all stream amounts by a constant factor; an assumed 
amount of an input or output stream. 

2. (a) Flow rates are 1000, 20,000, and 21,000 (all kmol/h), 

mole fractions are unchanged, 
(b) Flow rates are 200, 100, and 100 (all lb m /min), mass 
fractions are unchanged. 

p. 98 

1. H 2 : (5 lb m ) in = (llb m + 41b m ) out ;0 2 :(51b m ) in = (41b ra + 
1 IMoutl total mass: (10 lb m ) in = (10 lb m ) out . 

2. Balance on B, solve for m x ; balance on C, solve for x ; total 
mass balance, solve for mi. 

p. 117 

1. Yes 

2. 4 
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3. (4 moles H2O produced)/ (6 moles O2 consumed) 

4. (400)(6)/(4) = 600 

5. 200 mol/min 

p. 119 

1. C2 H4 

2. 100% 

3. 50kmolO2;100kmolC 2 H 4 O;50kmol 

4. 50 kmol C 2 H 4 ; 75 kmol 0 2 ; 50 kmol C 2 H 4 0; 25 kmol 

5. 0.80; 0.40; 40 kmol 

p. 125 

1. 0.90 

2. 80% 

3. 16molB/molC 

4. 80mol, lOmol 

p. 128 

1. Three independent molecular species (C2H4, QH?, N 2 ). 
Two independent atomic species (N and either C or H). 

2. (a) CH 4 + 20 2 -» C0 2 + 2H 2 0 

(b) CH 4 + |0 2 — CO + 2H 2 0 

(c) C 2 H 6 + lO z — 2C0 2 + 3H 2 0 

(d) QH 6 + § O2 — 2CO + 3H z O 

Since (b) can be obtained as (a) - \ [(c) - (d)] (verify), the 
four equations are not independent. 

p. 134 

1. 60mol;0.60 

2. 120 mol; 0.48 

3. 40 mol CH 4 = 100 mol CH 4 - £ ^ £ = 60 mol 
130 mol 0 2 = 250 mol 0 2 - 2f => £ = 60 mol 
60 mol C0 2 = 0 mol 0 2 + £ => £ = 60 mol 

4. Four molecular species balances (Cfij, O2, CO2, H 2 0). 
Three atomic species balances (C, H, O). 

5. (b) I = O. (250)(2) mol O in = [(130)(2) + (60)(2) + 

(120)(1)] mol O out 

(c) I = O + C. 250 mol 0 2 in = 130 mol 0 2 out + 120 
mol O2 consumed 

(d) G = 0. 120 mol H 2 0 generated = 120 mol H 2 0 out 

(e) I = O. (100)(4) mol H in = [(40)(4) + (120)(2)] mol 
Hout 

p. 135 

1. Overall = lOO/llO = 0.909 mol A consumed/mol A fed; 
single pass = 100/ 200 = 0.500 mol A consumed/mol A 
fed. 

p. 138 

1. Overall conversion = 0.833 (83.3%), single-pass 
conversion = 0.25 (25%). 



2. Customers want B, not a mixture that contains mostly A. 
Makes no sense to pay for 200 mol of A (fresh feed) and 
then discard 140 mol of it. 

3. C would keep building up in the system. Take off a purge 
stream from the recycle. 

4. The cost of the reactor that would be required to achieve 
an 83.3% conversion in a single pass could be much 
greater than the cost of the separation and recycle equip- 
ment. 

p. 145 

1. 21% 0 2 , 79% N 2 ; 79/21 = 3.76 moles N 2 /mole 0 2 

2. 25% H 2 , 25% 0 2 , 50% H 2 0; 50% H 2 , 50% 0 2 

3. 20: 0.95; 5 95 = 0.0526 
p. 146 

1. 200 molO 2 /h 

2. 200molO 2 /h 

3. (4.76 X 200) mol air/h 

4. (2 x 4.76 X 200) mol air/h 

5. 50% 

p. 190 

1. 255 cm 3 /s. If T is raised, mass flow rate remains constant 
but volumetric flow rate increases slightly. Look up the 
density of liquid water at 75°C and divide it into 200 g/s. 

2. P h = pgh. and p Hg varies with temperature. The differ- 
ence would be extremely slight. 

3. V'. 0[ = ^ + ^ + ... + ^ ; 

Pi Pi Pn 

1 _ V'tot mi m2 + _ Xl _|_ X2 _j. 

P '"tot WtotPl ™totP2 Pi Pi 

p. 193 

1. A relation between absolute pressure, specific volume, 
and absolute temperature of a substance. PV - RT. High 
T. low P. 

2. (c), (e). The mass and mass density of CO2 are each 
greater by a factor (MW C o 2 /MWh 2 ) = 22. 

3. fa) and (c). 

■ _ hRT m RT 
P~ ~ MW~P 
Let E denote ethylene and B denote butene. MW B = 
2MW E => V E = 2V B . 
V = RT P, which is the same for B and E. 
Mass density: p = m/V = (MW)P/RT => p B = 2p E 

4. RT P = [0.08206 L-atm/(mol-K)](200 K)/ (20 atm) = 
0.8206 L/mol < 5 L/mol. From Equation 5.2-3, the error 
is likely to be greater than 1%. 

p. 196 

1. See Table 5.2-1. 

2. V„c, = V uld /2; y new = 2V old 
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3. Decreases (n is unchanged, V increases); nothing 

4. (a) 

p. 197 

1. (b),(d) 

2. 5 bar; 50 m 3 ; p Hl increases, vh 2 is unchanged. 

3. Greater than 

p. 200 

1. Vapor 

2. (a) P a < P b ; (b) p va ? p vb ; (c) p la > p, b 

3. Gas. Supercntical fluid. 

p. 206 

1. The equation to determine V for given values of T and P 
is a cubic equation. 

2. Critical temperature and pressure (Table B.l), Pitzer 
acentric factor (Table 5.3-1). 

3. (b),(a),(c) 
p. 210 

1. No: 7/ r = (-190)/(r c + 8), P x = 300/(P c + 8), look up z 
on charts, calculate V = znRT/P. 

2. Need a different chart for each species. 

3. See p. 207. 

p. 212 

See Example 5.3-4. Nonpolar compounds with similar critical 
properties. 

p. 238 

1. Distillation. The naphthas come off from the top of the 
column, the lubricating oils from the bottom, and the 
heating oils from the middle. 

2. Evaporation, filtration, centrifugation 

3. Evaporation, reverse osmosis (membrane filtration at 
high pressure) 

4. Condensation, absorption; 5. Adsorption, 
p. 243 

1. -5°C, 3mmHg 

2. -56.6°C. 5.112 atm 

3. All C0 2 solidifies at 1 atm, solid melts at 9.9 atm, and 
-56°C, liquid boils at 9.9 atm and -40°C. 

4. 1 atm; 9.9 atm 

5. -78.5°C; -56°C, -40°C; 6. No 
p. 246 

1. Cox chart (Figure 6.1-4); Antoine equation (Equation 
6.1-4) 



2. Plot p' versus 1 / T abso i ute on semilog paper, draw line 
through points, and extrapolate to 1 / T 4 . 

3. The plot is more likely to be linear on the Cox chart, 
p. 249 

1. Eq. 6.2-1 

2. (a) 2; (b) 2; (c) 4; (d) 3 
p. 253 

1. Yes; yes. 

2. 200 mm Hg; 760 mm Hg; 200/960; look up or calculate 
the temperature at which p* cetone = 960 mm Hg. 

3. (a) The temperature to which a gas must be cooled be- 

fore any constituent condenses; superheated, satu- 
rated. 

(b) yH 2 o = p"h^o(Tq)/ Pq (i) nothing; (ii) condense; 
(hi) condense: (iv) nothing 

( c ) PH.oC^dp) = vh 2 o^o- Look up the temperature at 
which the vapor pressure is Ph 2 o- 

(d) 7/ dp = To - T sh ; vh 2 o = P*H 2 o( T d P )/ ?o- 

p. 254 

1. 82°C 

2. 50% 

3. s m = 0.111, s v = 44.4% 
p. 258 

1. Raoult's law: p A = x A p* A , where x A is the mole fraction 
of A in the liquid phase; most likely to be valid as x A -* 
1.0. 

2. Henry's law: p A = x A H A ; most likely to be valid when 
xa -* 0. 

3. A solution for which either Raoult's law or Henry's law is 
obeyed for all species at all solution compositions. 

4. Henry's law for ^ C o 2 and p C o 2 , Raoult's law for x H ,o 
an <l Ph 2 o- Look up Henry's law constant for C0 2 (Perry's 
Chemical Engineers' Handbook, 7th Edition, p. 2-125) 
and vapor pressure of H 2 0 (Table B.3 of this book). 

p. 264 

1. The temperature at which the first bubble of vapor forms 
if the liquid is heated at the given pressure. The temper- 
ature at which the first drop of liquid forms if the vapor 
mixture is cooled at the given pressure. 

2. 92°C; 0.70 mol benzene/mol (from Figure 6.4-la) 

3. 99°C; 0.30 mol benzene/mol (from Figure 6.4-la); de- 
creases 

4. Increase (see Equation 6.4-4); increase (see Equation 
6.4-6) 

5. The hydrostatic head of the liquid must be added to the 
pressure at the liquid surface. Convert 5 ft of water to atm, 
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add it to 1 atm, and look up the boiling point of water at 
the corrected pressure. 

6. The nonlinear equations cannot be solved explicitly for / . 
p. 268 

1. 380 g. The added salt will not remain undissolved. 

2. 55°C. Increasing quantities of KN0 3 crystals precipitate 



(come out of solution). 
See p. 267. Magnesium sulfate tetrahydrate. 
120.4/138.4 = 0.870 



5. Above 40°C the crystals that precipitate are hydrated 
salts. 

p. 270 

1. A solution property that depends only on concentration, 
and not what the solute and solvent are. Vapor pressure, 
boiling point, and freezing point. 

2. 850 mm Hg. Solute is nonvolatile, nondissociative, and 
nonreactive with the solvent; Raoult's law holds. 

3. Greater. / = (1000 mm Hg)/0.85 = 1176 mm Hg. 

4. It lowers the freezing point of water, so it keeps ice 
from forming at temperatures where it would otherwise 
form. 

5. Antifreeze lowers the freezing point and raises the boiling 
point of water, so the radiator is less likely to freeze in 
winter and to boil in summer. 

p. 273 

1. See definition at bottom of p. 271. Extraction is transfer- 
ence of a solute from one liquid solvent to another. 

2. Less soluble; wiva ^ "i w 
p. 274 

1. A tie line connects compositions of two phases in equilib- 
rium. 

2. H 2 0-rich phase— 95.0% H 2 0, 2.5% acetone, 2.5% 
MIBK; MIBK-rich phase— 92.5% MIBK, 2.5% H 2 0, 
5.0% acetone. Mass ratio of MIBK phase to H 2 0 

0.950 - 0.450 1 10 
phase = rr-r^ — tt^t: = 1.18. 



0.450 - 0.025 



p. 278 



2. 



In absorption a gas species dissolves in a liquid; in ad- 
sorption a gas or liquid species adheres to the surface of 
a solid. 

An adsorbate is a species adhering to the surface of a solid 
adsorbent. 

Concentration equals partial pressure times a constant 
(and vice versa). 

Toxic species in the air are adsorbed on the surface of the 
carbon. Nonactivated carbon has much less surface area 
so the mask would become saturated in much less time. 
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316 

Kinetic, potential, internal; heat, work 

Heat is only defined in terms of energy being transferred. 

£i + Q - W = E t 

318 

The mass flow rates are the same; p outlet < p inlet ; 

^outlet -* ^inlet- 

A£ p > 0, A£ k > 0 
319 

Closed system: no mass crosses system boundaries. 
Open system: mass crosses system boundaries. 
Adiabatic system: no heat transferred to or from system. 
Q = 250 J 
W = -250 J 

At/ = -50 kcal 

If the substance is a liquid or a solid, or a gas under nearly 
ideal conditions, it is reasonable to neglect the depen- 
dence of U on pressure. 

321 

V = V . 

'in Y out 

P ~> P 
*in ^ r out 

322 

6000 cal 
1000 cal/min 

The specific volume and pressure: H = U + PV 

324 

W % = 0 
Q = 0 
A£ k = 0 
A£ p = 0 

327 

A property whose change of value in any process depends 
only on its initial and final states and not on the path be- 
tween them. 

(a) 0; 

(b) 5000 J/kg; 

(c) A// = # A (v, 0°C, 1 atm) - tf A (v, 30°C, 1 atm) 

= (5000 J/kg - 7500 J/kg) = -2500 J/kg 
(e) No — H is a state property. 

337 

Incompressible fluid, negligible heat transfer, and no in- 
ternal energy changes due to anything but friction. 

Above, plus no friction or shaft work. 
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p. 359 

H = -2751 kJ/kg. 0 = -2489 kJ/kg. 
p. 361 

2. Lower P isothermally to 1 atm, cool at 1 atm to 80.7°C, 
condense at 80.7°C and 1 atm, cool liquid at 1 atm to 25°C, 
raise pressure to 5 atm. 

3. Keeping pressure constant at 1 atm, cool water to 25°C, 
dissolve NaOH in water at 25°C, raise solution to 50°C. 

4. Keeping pressure constant at 1 atm, cool 0 2 to 25°C, mix 
0 2 and CH 4 at 25°C, carry out reaction at 25°C, raise prod- 
uct gas to 300°C. 

p. 366 

1. (a) ii; (b) i; (c) iii 

2. Determine z for C 2 H 6 at each of the system conditions. 
If z is close to 1 for both states, it may be reasonable to 
neglect AH. 

p. 368 

1. C v = (dU/dT) v , 
C p = {dH/dT) P 

2. (a) exact; 

(b) inaccurate; 

(c) good approximation 

3. AH = (5 g)[0.5 cal/(g-°C)](20°C) = 50 cal 
p. 371 

1. 28.5 J/(mol-°C) 

2. 5cal/(mol-°C);7caI/(mol-°C) 

3. (a) 22.44 kJ/mol; 

(b) -25.78 kJ/mol; 

(c) -2.22 X 10 5 Btu/h (Neglect pressure effects.) 
p. 373 

1. CaC0 3 (s): C p = 26 + 7.5 + 3(17) = 84.5 J/(mol-°C) 

2. AH = {(2 kg)[2.5 kJ/(kg-°C)] 

+ (1 kg)(1.8 kJ/(kg-°C))}(10°C) = 68 kJ 
AH = 68 kJ/3 kg = 23 kJ/kg 

3. AH = 25 cal/g 

4. (C p ) mixture = [(0.50)(1.00) + (0.50)(0.54)] cal/g = 
0.77 cal/g 

p. 381 

1. Yes; no 

2. (a) 0; (b) 900J/mol 

(c) Cool the vapor to 75°C; condense at 75°C; cool the 
liquid to 25°C. 

3. AU f ~ 5500 cal/mol 

AU V = AH V - RT = 26,710 cal/mol 



p. 382 

1. Equation 8.4-3 

2. Equation 8.4-4 

3. From Equation 8.4-6, slope of line is -AH V /R. 

4. From Equation 8.4-7, slope of tangent to curve at p* = 1 
atm is -AH V /R. 

5. Equation 8.4-8 

6. AH V (T 2 ) = j'£ C pl dT + A/? v (r,) + \£ C pw dT 
p. 392 

Air at 25°C, h, = 20% =» K = 0.0040 kg H 2 0/kg dry air; 
r wb = 12.5°C; r dp = 0.5°C; V H = 0.85 m 3 /kg dry air, 
H = (35.00 - 0.27) kJ/kg dry air = 34.73 kJ/kg dry air 

p. 395 

1. (a) (C /) ) gas , (C p )u qU id, and (AH v ) hqmd are independent of 

temperature, and the enthalpy change of unevapo- 
rated liquid is small compared to the heat of vapor- 
ization and the enthalpy of the gas. 
(b) Yes; (c) no 

2. T as = ll°C;A a = 0.0069 kg H 2 0/kg dry air; 

h x = 70%; H = (31.60-0.06) kJ/kg dry air = 31.54 kJ/kg 
dry air 

p. 397 

1. (a) H = -40 kJ/mol A; (b) H = 20 kJ/mol A 

2. Q = AH = (5)(-40) kJ = -200 kJ (evolved) 

3. Q = 5(-60 + 40) kJ = -100 kJ (evolved) 

p. 402 

1. -97 Btu/lb m solution 

2. 77°F (the reference temperature for H 2 S0 4 ) 

3. 190°F. 65 wt% H 2 S0 4 . (Highest temperature on a line be- 
tween the feed points.) 

4. (a) -60 Btu/lb m solution, (b) 30 Btu/lb m solution. The 
heat of solution at 77°F (or the energy required to heat the 
solution from 77°F to its adiabatic mixing temperature of 
about 195°F). 

p. 406 

1. 130°F,0.15 

2. 600Btu/lb ra 

3. Vapor fraction = (0.50 - 0.18)/(0.88 - 0.18) = 0.46 
p. 441 

2. The second sentence is wrong and the first sentence is 
correct, but only if the reactants and products are at the 
same temperature. The energy released by the breaking 
of reactant bonds and forming of product bonds must be 
transferred from the reactor to keep the products at the 
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same temperature; otherwise it remains in the reactor and 
raises the product temperature. If the reactor is adiabatic, 
the products at the higher temperature would be at the 
same energy level as the reactants at the lower tempera- 
ture. 

p. 445 

!• ^products ~~ Reactants when stoichiometric quantities of re- 
actants are fed, the reaction proceeds to completion, and 
reactants and products are at the same temperature and 
pressure. As above, with reactants and products at 25°C 
and 1 atm. 

2. (a) -20 kJ/mol A reacted; (b) exothermic; (c) withdrawn; 
(d) higher 

3. The latent heat of vaporization of C5H14 at 25°C and 1 atm 

4. A(/ r (7) = AH t (T) + 2RT 

5. \H r = ]T \ v ,\Hi - ^ \vt\Hi 

products reactants 

In general, //, = £?,• + PV,\ for liquids and solids, H t = f/,; 
and for ideal gases, PW, = RT, so that tf, = U t + RT. To 
obtain the desired result, substitute for //, in the expres- 
sion for A# r , and recognize that 

products reactants 

p. 447 

1. See last paragraph of Section 9.2. 

2. Multiply Equation 2 by -2 and add the result to Equa- 
tion 1 

2A + B - 2A - 2D 2C - 2C - 6E 

I 

B + 6E — 2D, A/? r = AH Tl - 2Atf r2 = 3000 kJ/mol 
p. 448 

1. The formation reaction of CO is C + 5O2 -* CO, so the 
heat of formation is - ± times the heat of the given re- 
action, or -110.5 kJ/mol. (This checks with the value in 
Table B.l.) 

2. The heat of vaporization of propane at 25°C. 

3. &H° = (A//°) C o 2 + 2(A// f > 2 o(v) - (A// f °)cH 4 
p. 464 

1. (a) A//°(soln, n = 50) = (Atf f ) A - 100 - 10 

= -HOkJ/molA 
(b) A/?°(soln, n = oc) = -115kJ/molA 

2. (a) ff(25°C) = -HOkJ/molA 
(b) //(25°C) = -550 kJ 

p. 466 

1. LHV = 2658 kJ/mol 

//# V = 2658 kJ/mol + 5(44.013 kJ/mol) 
= 2878 kJ/mol 



2. //WV = (0.40)(143 kJ/g) + (0.60)(55 kJ/g) 

= 90.2kJ/g 

3. For coal: 

($150/ton)(l lb, n /15.000 Btu)(l ton/2000 lb m ) 

= 5.0 X 10~ 6 $/Btu 

For natural gas: 
.r($/ton)(l ton/2000 lb m )(l lb m /23.000 Btu) 

= 5.0 X 10"" S/Btu 

x = $230/ton 
p. 469 

1. The product temperature when the fuel is burned com- 
pletely in an adiabatic reactor. 

2. Heat loss through reactor walls, incomplete reaction. 

3. With an air feed, the heat released from combustion of 
a fixed amount (say, 1 mol) of fuel goes into heating the 
nitrogen in the air as well as the reaction products and 
excess oxygen, whereas only the latter must be heated for 
a pure O2 feed. If a fixed quantity of heat is added to a 
greater amount of material, the resulting temperature rise 
must be less. 

p. 471 

1. (a) Ignition — abrupt increase in the rate of an oxidation 

reaction. 

(b) Ignition temperature— the temperature at which ig- 
nition occurs when a combustible mixture is heated 
slowly. 

(c) Ignition lag — time between a mixture reaching its ig- 
nition temperature and the occurrence of ignition. 

(d) Flammability limits — composition limits outside of 
which ignition or explosion cannot occur. 

(e) Flash point of a liquid — temperature at which a liq- 
uid gives off enough vapor to form an ignitable mix- 
ture with the air above the liquid surface. 

2. (a) An explosion or ignition; no reaction would occur. 

(b) Yes; the reaction would cease. 

(c) There is a region between the emerging jet (pure 
methane) and the bulk of the room air (almost no 
methane) within which the methane fraction falls be- 
tween the flammability limits. The flame persists in 
this region. 

p. 473 

1. A flame is a combustion zone in which various species un- 
dergo transitions from states of high energy to states of 
lower energy. The energy lost in the transitions is given 
off as visible light. 

2. In low-temperature flames, which occur when the fuel and 
oxygen are not well mixed, carbon particles are formed 
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3. 



and remain unburned, but the heat in the reaction zone 
raises them to a temperature at which they glow incan- 
descently. The result is a yellow flame. At higher com- 
bustion temperatures, various intermediate species are 
formed and excited to high-energy states, and emit blue 
light as they return to lower states. The result is a blue 
flame. 

In a detonation, a pressure front (shock wave) forms 
and propagates at supersonic speed, rapidly compress- 
ing and igniting the flammable mixture and giving the 
appearance of an instantaneous combustion. In the 
vicinity of the detonation, the force of the shock wave 
can demolish a building or propel a bullet. The noise 
is the vibration of the eardrums caused by the shock 
wave. 

The rate of the reaction depends strongly on temperature; 
at room temperature it is immeasurably low. 

507 



1. (a) 15(b)*! 

2. Ten variables (flows of A, B, C, and D at inlet, A, B, and C 
in vapor product, and B, C, and D in liquid product) - 4 
balances (A, B, C. and D) - 2 relations (given split of B 
equilibrium relation for C) = 4 degrees of freedom. 

p. 510 



dy 

2-y 



= (2-t)dt 



v dy 
2-y 



(2-t)dt 



p. 560 



- In(2 - y)]y = 2t- 



~) =exp(2r-^ 



y = 2-exp(-2r + t 



1. Mixer — 3, separator- 

2. 5 degrees of freedom (7 local degrees of freedom - 2 ties) 
p. 548 

1. (a) Accumulation, input, output (although the mass bal- 

ance will yield the result that accumulation = 0); 

(b) all but generation; 

(c) accumulation, output, consumption 

2. dmidt = 10 kg/h - 10 kg/h = 0 kg/h 
p. 551 

1. dy = {2-t)dt 



£ dy = J (2 -,)</, 



dy 
2~^y 



= dt 



y = 1 + It 

dy 



1 = \ dt 

i 2 - y Jo 



-ln(2- y)\\ 



In 



■ y 



= t 



Neglect changes in E k and E p - no mass accumulation- U 
and H independent of P; no phase changes or chemical 
reactions; no spatial variations in T\ constant C v and C p . 
When the expression for u m is differentiated to yield 
Equation 11.3-9, if C v varies with temperature (and hence 
with time) another term of the form M(7 SVS - TMdCjdt) 
would have to be added. 



p. 609 

1. -1, +2 

2. The line for which the sum of the squares of the residuals 
is a minimum. 

3. Yes. (Corollary— no.) 

4. Positive and negative deviations from the line would can- 
cel out, possibly making a terrible fit look good. 

611 



v = 2 - e~< 



Linear 
Nonlinear 
Nonlinear 

(a) Linear; (b) nonlinear 

5. (a) Linear (multiply equation by z ); (b) nonlinear; 
(c) linear 

p. 612 

1. A straight line on a plot of / versus x can only intersect 
the x axis at one point. 

2. One root. (The intersection of a 45° line through the origin 
with a curve that begins at 1 when x = 0 and decreases, 
approaching 0 as x approaches infinity.) 

p. 613 

1. (a) x = 4 and x = 0; (b) x p = 15/4; x n = 5. Converge 
to x = 4. 

2. The equation for a line on an / versus x plot 
through (*„,/„) and (,„/,) is / = /n + [(/, - /„)/ 
(x p x„)\(x - x n ). The intercept of this line on the x 
axis, which we will call x new , is obtained by setting / = 0 
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and solving the resulting equation for x. The result is 
Equation A.2-1. 

p. 615 

1. Yes. No. You can solve for the roots directly. 

2. The value of /'(.to) would be 0, and the correction term 
///' would blow up. 

p. 617 

1. (a) Modified successive substitution; (b) successive sub- 
stitution; (c) acceleration 

2. 13.6 



p. 618 

1. 2.60 

2. A line on an / versus x plot through (2. 2.3) and (23. 2.45) 
intersects the 45° line at x = 2.60. 

p. 626 

1. 80 

2. 84 

3. 80. The function is cubic, so Simpson's rule is exact. 
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CHAPTER TWO 

2. (c) 120 hp 

6. 4.3 X 10 5 miles 

8. (b) 2.6 kg 

10. 25 m 3 

14. (b) 0.135 m/s 2 

18. (a) s T = 2.3°C 

20. (a) s x = 2.2 

24. (a) 88.8 cm/s (or 0.888 m/s) 

26. (b) 1.13 g/cm 3 

28. (b) t(C = 0.1 mol/ L) = 1.12 min (extrapolated), 1.70 
min (exact) 

30. (d) xy = 2e 3v,JC 

32. (b) 109kg/h 

34. (a) i = 9.3x 10- 3 min" 1 

36. k - 1.573 (dimensionless). Answer may vary slightly. 

38. (b) Runs 1, 2, 3, 4 Z> b = 0.52. Answer may vary 
slightly. 

40. (c) t = 209.5 h 

42. (b) For Lab 1, k = 0.0062 s" 1 

44. a = 6.536 

CHAPTER THREE 

2. (b) 360 lb m /ft 3 
4. $68.42 in France 
6. (a) 445 L 

8. (SG) S olution = 1-5 

10. (b) 1.00 X 10 3 N 

12. (b) 4.6kglle/h 

14. (f) 1.08 X 10 6 gC 

16. (b) 87151b m /h 

18. 0.300 g CaCO' 3 /g suspension 

20. (c) 3.84 X 10~ 5 kg CaS0 4 

22. (a) SG = 0.903 

24. 0.917 g/cm 3 

26. (a) Sample 1: 15.6 mole% CH 4 , 6.2 wt% CH 4 

28. (c) 87.7 s 

30. 0.155 g 

32. (e) 0.737 atm 

36. P = 32.9 psi 

38. (b) F min = 2.0 X 10 5 N 

40. P alm = 775 mm Hg 



42. (a) h = 400 cm => /? water = 646 cm 

44. (b) 6.54 psig 

46. (a) 393 mmHg 

48. (c) 153°F 

50. (b) 3.26°C/s 

52. (b) 2.61b m CO 

54. At 94°C, k = 0.707 L/(mol ■ min) 

CHAPTER FOUR 

4. (d) .r 0 , = 0.21 mi(n x + n 2 ) 
6. (b) Two unknowns must be specified 
8. (c) .22 (22%) of the large eggs are broken 
10. 207 gal. 

12. (b) 5.80 X 10 3 mol CH 3 OH7h 

14. (a) 6480 lb-moles/h 

16. (b) 2.96 L 20% solution/L 60% solution 

18. (b) $8.8 X 10 7 /year 

20. (a) 1.2 X 10~ 3 mol H : 0(v)/mol 

22. (c) A P = 0.20. m P = 100.0 => n A = 3.29. « B = 1.10 

24. (b) velocity = 8.33 m/s 

26. (c) 423 kg SCWmin removed from feed gas 

28. 3 balances on overall system. 2 on Unit 1 

30. (c) 39.8% salt in the effluent from the 4 th evaporator 

32. (b) 28.6 kg of 42% concentrate 

34. (b) Recycle ratio = 1.60 

36. (b) 9.71 kg C 6 H 14 recycled/kg C 6 H 14 fed 

38. (c) 3796 kg steam fed to stripper 

40. (c) 17.6% excess NH 3 

42. £ = 56.2 mol/s 

44. 7380 kg 80% H 2 S0 4 

46. (b) X A = X B = 0.688 

48. (c) Xco = 0.156 

50. (c) Fractional yield of QH 5 C1 = 0.875 
52. 1533 kg ore 

54. For ihe l 5t feed mixture. v A = 0.2027, v E = 0.0393 

56. (b) CH3OH enters the reactor at the rate of 50.0 
kmnl/h 

58. (c) 85.9 kmol/h recycle 
60. (a) S.P. Conversion = 14% 

62. (b) 2.535 X 10 4 kmol/h «-C 4 Hi 0 in emulsion recycle, 
2220 kmol H 2 S0 4 /h and 1200 kmol H 2 0/h in acid re- 
cycle, 1040 kmol i-C 4 H 10 /h recycled from distillation 
column 
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64. (b) 66.5kmol/h 

66. 250kmol/h 

68. (b-iii) 9.1 mole% C0 2 

70. (c) 18.6% excess air 

72. (a) Desired percent excess air = 11% 

74. 10.7% C0 2 , 9.8% H 2 0 

76. (b) 3.72 X 10 5 mol air/tonne coal 

78. 30% bypass 

80. (b) Minimum percent excess air = 117%. 

CHAPTER FIVE 

2. Bulk density = 3.26 g/cm 3 
4. (c) 35.4 kg CuSO* (anhydrous) 
6. (b) 9.3% error 
8. (b) 555 
10. 165 m/s 

12. Unknown MW = 3.9 

14. (a) 880cm 3 /s 

16. 71.2% 

18. 1.52 

20. (c) 58.5 g/L 

22. (a) y B (9 am) = 0.62 X 10~ 6 

24. (b) $l,747,000/month 

26. (b) 3595 mol diluting air/s 

28. (b) 3.3cmH 2 0 

30. 4.0 X 10 4 m 3 (STP) air/h 

32. (a) 346 kPa 

34. (c) 1.2 X 10 5 A 

36. (b) x = 0.5 V = 2.16 X 10 4 L 

38. (b) 71% conversion of propylene 

40. (b) 196 kg acetone vaporized/h 

42. 0.150 mol Cl 2 /mol 

44. 1.8%Fe 2 0 3 

46. (a) 4.08 X 10 5 L gas/min leaves the condenser 

48. (b) /so 2 = 0.367 at 600°C 

50. 846 SCMH recycled 

52. 25.7 mole% C0 2 , 6.5% CO, ... 

54. (a) Reactor effluent (C): 49.4 kmol/h, 
26% H 2 , 53% CH3OH, 0.03% H 2 0 

56. 135 m 3 /h 

58. 

°srk — 7.3 atm 

60. 1.57 X 10 4 L/h 

62. (b) 37.4 lb m 

64. (b) z = 1.6 

66. 320T 



68. 74.3 mol 

70. (b) P > 2.1 x 10 4 atm (c) 5 cycles 

72. (b) 34,900 gallons 

74. 0.041 m 3 

76. 126ft 3 /min 

78. (b) 29.9 m 3 /h 

80. 1.63 kmol/min 

82. (b) C 11 H 2 „O 10 

CHAPTER SIX 

2. (b) 0.235 g vapor/g total 

4. 58.8kJ/mol 

6. T b = 116°C 

8. 8.0xl0- 4 mol 
10. (b) 6.85°C 
12. (b) 99.7% condensation 
14. At 70T and 50% r.h., p air = 1.196 g/L 
16. 5.04 X 10 4 ft 3 /min 
18. 0.310 m 3 outlet air/m 3 feed air 
20. (c) 0.479 lb-mole octane lost 
22. (c) 2.52°C 
24. (b) 29°C 

26. (b) 96% recovery if the refrigerant is used 

28. 1.81 gal. condensed/min 

30. (b) Coolto7.8°C 

32. (a) 0.0148 kmol CH 3 OH/min 

34. V in = 2.09 X 10 3 ft 3 /h 

36. (b) V- inlet = 2590 ft 3 /h 

38. 7 dp = 58.8°C 

40. (b) x = 0.00536 mol C 3 H 8 /mol 

42. (a) 1097 mol leave converter, 15.5% H 2 0 

44. (b) 8.33 X 10 -2 m 3 gas feed/kg liquid feed 

46. 0.0711 mol benzene/mol 

48. x CHi = 1-46 X 10~ 4 mol CH 4 /mol 

50. (c) 127 cm 3 

52. 85.85°C 

54. (a) P = 76 psig 

56. (a) 0.096 mol QH 6 /min 

58. (b) 22.6% benzene => 7 bp = 108. 1°C 

60. (d) 0.39 m 

62. (d) jc b = 0.400 ^> v B = 0.795, 
P = 444 mm Hg 

66. (c) 0.46 mol vapor/mol liquid 

68. (d) 64.5°C 

70. 79.9°C 
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72. (c) 0.19 lb-mole H 2 0/lb-mole 

74. 32.3% 

76. (c) 23.0 kg A 

78. 0.428 lb m crystals/lb m liquid 

80. 2044 kg/h recycled 

82. (c) 64 lb m recycle/lb m fresh feed 

84. T m = 1.9°C 

86. 83.5 g/mol, 6.38 kJ/mol 

88. 4.4 g styrene in ethylene glycol phase 

90. (a) The extraction requires 13,000 kg of hexane 

92. (b) 0.2965 kg alkaline solution/kg acidified broth 

94. Water-rich phase: 21% acetone, 3% MIBK, 76% water 
(answers may vary) 

96. (c) For System 2, |3 aw = 41.8 (answers may vary) 

98. (a) 33.1 grams of silica gel 

100. (b) 1.13 hours (68 minutes) 

CHAPTER SEVEN 

2. (b) 3000 MW 

4. (a) £ k = 1.40 X 10- 5 hp 

6. (b) u = 25.4 ft/s 

8. £ m „ = 3.43 X 10 6 kW • h/wk 
10. (b) Q = -765 J 
12. 2338J/mol 
14. 9.0 X 10 3 cal 

16. (a) (i) 941 cm 3 , (ii) 19.5 J, (iii) 64.3 J 

18. (c) A£ p = -W $ ,W S >0 

20. (a) 246 L/s 

22. 477 m/s 

24. (a) 6.02 X 10 7 J/s 

26. 5.80 xl0 4 kW 

28. (b) 1.27 m 3 steam/s 

30. (a) 300kJ/h 

32. (b) 1.8 kW 

34. (a) Every 13 seconds 

36. (a) 0.296 evaporates 

38. (b) 2920 kJ/s 

40. 587kJ/h 

42. (a) 1.82 X 10 4 cal 

44. (c) 5.70xl0 4 kJ 

46. 38 g 

48. (a) 0.53 g evaporated 
50. 2.6 g evaporated 
52. (a) 0.894 m/s 
54. (a) 122L/min 



56. 76.2 m 3 /min 
58. 0.62 kW 

CHAPTER EIGHT 

2. (c) AU = 2160J/mol 
4. (d) 31.71 kJ/mol 
6. (c) -110.7 kJ/mol 
8. 7193 kW 

10. (b) C p - 0.223 kJ/(mol • K) 

12. (c) Total daily cost = $4.72 

14. (a) -2156 kW 

16. 1833 Btu/h 

18. -0.07643 kJ/g 

20. 1810 m 2 

22. (c) 3.41 m 3 /s 

24. (c) 0.400 m 3 steam/m 3 propane 
26. (b) Relative humidity = 79.7% 
28. 1.39 X 10 6 J/day 
30. (b) 290 kW 
32. (a) 792°C 

34. LH anttty ,icai = -1730cal/g 

36. (c) 60.12 kJ/mol 

38. -1.90 X 10 4 kW 

40. (a) 1.95 X 10 5 kJ/h 

42. A//„(100 o C) = 38.2 kJ/mol 

44. (c) 33.4kJ/mol 

46. (d) - 181 kJ/m 3 air fed 

48. 733 kW 

50. (b) 257 kW 

52. (a) 2.42 X 10 4 kW 

54. (d) 7,2 = 34°C => r.i = 504. 6°C 

56. (b) 1 63 kg/h additional steam 

58. (c) 3733 kg/h fresh water 

60. (c) 0.51 g evaporate 

62. (a) 1760 kW 

64. (d) 1.16 X 10 5 kJ/h 

66. (b) x? = 0.5, T t = 110°C, 

P = 760 mm Hg 7 evap = 52.2°C 

68. (a) 0.840 kg steam generated, 973 kJ transferred from 
condenser 

70. T dp = 77.3T, H = 43.9 Btu/lb m DA 

72. (d) Q = -31 J 

74. (b) 2.9 tons of cooling 

76. (b) 0.0119 kg H 2 Oadded/min 

78. (b) 67 m 3 
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80. (b) -15.5kW 

82. (b) 11.09 kJ/mol HC1 

84. 6.09 X 10 4 J/mol H 2 S0 4 

86. (b) -471 kJ/L product 

88. (b) 291.4 gH 2 0(l), 547.3 g H 2 0(s) 

90. (c) 60 kJ/h transferred from the crystallizer 

92. (b) 7/ max = 125°C 

96. (b) 140°F 

98. Liquid: 10.5 g NH 3 , 64.5 g H 2 0 

CHAPTER NINE 

2. (c) -1.53 X 10 5 kW 
4. (c) +122 kJ 
6. (a) 122.7 kJ/mol 

8. (c) -1.26 x 10 s U/h (evolved) 
10. (b) AH° = -5068kJ/mol 
12. (c) Q = -0.0536 kW 
14. (c) Q = 251 kJ 
16. (b) 1350 kW 
18. (c) Q = 11,863 kJ 
20. (b) -81.5 kW 
22. (b) -6.44 X 10 4 Btu/h 
26. (c) -279 kW (process), -265 kW (reactor) 
28. (b) A: 3.67 x 10 5 kJ/h, F: 1.34 x 10 6 kJ/h, 
C: 5.65 x 10 4 kJ/h 

30. (c) 55.9 kmol recycled/h 

32. (a) 80.1% conversion 

34. (b) 59.2 kJ/mol feed 

36. (a) 0.417 mol C 2 H 4 /mol CH 4 consumed 

38. (c) n 0 = 9.0 mol 0 2 

40. -55.0 kJ/mol, -177.9 kJ/mol 

42. (a) AH° = 222.4 kJ/mol 

44. (a) 177 kJ/mol (NH 4 ) 2 S0 4 

46. (a) 94°C 

48. (a) LHV = 843 kJ/mol 



50. 72.5% CH*, 18.8% C 2 H 6 , 8.7% CO 

52. (a) 2.5gal/h 

54. (b) 40.3 kJ. 534 kJ 

56. (b) 2.13 x 10 4 kJ/m 3 fuel 

58. (c) -655 kW 

60. (b) l.iexWkgsteam/h 

62. (a) 99% excess air 

64. (b) 2780°C 

66. (a) 1832°C 

68. (d) For Run 2, T ad = 1738°C 

70. (a) m B = 30.3 tonnes/d, m F = 11.2 tonnes/d, 
Qi = 8.04 x 10 7 kJ/d, Q 4 = 1.38 X 10 7 kJ/d 

CHAPTER TEN 

2. (b) H\. n 2 . /13 . .v j , .v 2 , X3 

4. (a) 7 degrees of freedom 

6. (b) 1.80 mol recycle/mol fresh feed 

10. (c) For the given conditions, Q = -23.7 kW 

12. (b) T = 1560°C 

CHAPTER ELEVEN 

2. (a) n' p = 0.3743. « p (0) = 7.5 

4. (d) t = 120 s, n Ql = 0.30 lb-mole 

6. (d) 26.5 min. 

8. (d) C so , (2 min.) = 3.82 x 10~ 7 
10. (e) 90% conversion at t = 4.6 min. 
12. (c) 20.6 seconds 
14. (b) 3.5 x 10' 3 min" 1 
16. (b) k 2 = 0.115 L/mol 
18. (b) 2.7 hours 
20. (b) 4.29 kW 

22. (c) 7/ b = 30°C => t = 100 min 
24. (b) 200 g 
26. (b) 54.8°C 

28. (a) dC S2 dt = 0.080(C S i - C S2 ) 

30. (c) dx/dt = -(n v , N L )[-x + ax/(x + b)} 
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Absolute humidity, 253. 384 
Absolute pressure. 56 
Absolute saturation, 253 
Absolute temperature, 60 
Absorber, 168 
Absorption, 237 
Acentric factors, Pitzer, 201 
Acetylene synthesis from methane, 491, 501 
Acid rain, 184 
Activated carbon, 275 
Activation energy, 41 
Adiabatic: 
cooling, 392 

flame temperature, 236, 466 

humidification, 393 

mixing, 401 

process, 319 

saturation, 395 

saturation temperature, 395 
Adsorbate, 275 
Adsorbent, 275 
Adsorption, 275 

isotherm, 275 
Air: 

bone-dry, 251 

composition of, 51 

conditioner, 431 

theoretical and excess, 154 

water vapor mixtures, 384 
Algorithm, 504 
Alpha Centauri, 31 
Amagat's law, 197 
Amazon jungle, 341 

American engineering system of units, 10 
Antoine equation, 246 

constants, 640-641 
Archimedes' principle, 32 
Arrhenius equation, 41, 568 
Atomic numbers, see table, back cover 
Atomic weight, 47, 

values of. see table, back cover 
Average molecular weight, 50 
Avogadro's number, 48 

Back substitution, 15 
Bag filter, 355 
Balances: 

atomic, 125, 129 

closure, 151 



differential, 86, 544 
general, 85 

independent, nonreactive system. 96 
independent, reactive system, 126 
integral, 86, 546 
overall, 104 

simultaneous transient, 560 
Ball mill, 66 
Barometer, 57 
Basis of calculation, 50, 95 
Batch process, 84 

Benedict- Webb-Rubin equation. 202 
Bernoulli equation, 334 
Biomass combustion, 71 
Block: 

convergence, 516 

process, 511 
Body fat, 66 
Boiling, 263 
Boiling point, 242, 253 

elevation, 270 

for a mixture, 263 

normal, 242 
Boilup, 166, 294 
Bottoms product, 294 
Boundary condition, 544 
Bourdon gauge, 57 
Breakthrough curve, 309 
Breaux Bridge Drug Company, 69 
Brouillette. P., 220 
Btu (British thermal unit), 316 
Bubble point, 259 
Bung, 32 
Bypass, 116 

Calcination, 483 

Calculus, useful rules, 550 

Calibration, 22, 67 

Calorie, 316 

Calorimeter, 411,445 

Carbon, activated, 275 

Careers in Chemical Engineering, 3-5 

Centrifuge, 579 

CGS system of units, 10 

Chain growth of polymers, 579 

Cheerful Chicken Dairy, 158 

Chemical vapor deposition (CVD), 4. 222, 478 

Chen's equation, 38 L 

Clapeyron equation, 243, 381 
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Clausius-CIapeyron equation, 244 
Claus process, 225 
Closed system, 313, 316 
Closure of mass balances, 151 
Coal: 
ash, 185 

fixed carbon, 185 

gasification, 492 

moisture content, 184 

proximate analysis, 184 

ultimate analysis, 494 

volatile matter, 184 
Colligative solution properties, 268 
Combustion, 142, 469 

of biomass, 71 

material balances for, 146 

partial or incomplete, 143 
Composition 

estimation from combustion products, 
149 

on wet and dry bases, 143 
Compressibility factor, 206 

generalized charts, 207-211 

equation of state, 206 
Computer-aided calculations, 504 
Concentration: 

mass, 52 

molar, 52 
Confidence limits, 67 
Consistency of solid-liquid mixture, 502 
Continuous process, 84 
Control, statistical quality, 19 
Convergence: 

criteria, 618 

tolerance, 618 
Convergence block, 516 
Conversion: 

overall, 135 

single-pass, 135 
Conversion factors, 9 

between mass and molar composition, 50 

between mass and molar flow rates, 48 

between mass and volumetric flow rates, 45 

table of, see inside front cover 

use of, 9 

Corresponding states, law of, 207 
Cox chart, 246 

for various substances, 247 
Critical pressure, 200 
Critical state, 200 
Critical temperature, 200 
Cubic equations of state, 203 
Cumene production, 486 
Curve-fitting: 

exponential function, 27 

nonlinear data, 25 

power-law function, 27 



scattered data, 30 
straight-line, 24 
Cycle, 511 
tearing, 515 

Dalton's law, 197 
Damping parameter, 616 
Deacon process, 172 
Debottlenecking, 42 
Degrees Baume, 44 
Degrees of freedom, 99, 504 

from Gibbs phase rule, 248 

reactive systems, 126 
Degrees of superheat, 250 
Degrees Twaddell, 44 
Dehumidification, 392 
Densitometer, 65 
Density, 43 

bulk, 66, 214 

estimates for mixtures, 189 
estimates from ideal gas equation of state, 
193 

Design, 42 

specification, 521 

variable, 505 
Detonation, 472 
Dew point, 

general, 259 

for single condensable species, 250 
Dialysis, 162 
Diffusivity, 41 
Diluent, 107 
Dimension, 8 
Dimensional equation, 9 
Dimensional homogeneity, 20 
Dimensionless quantities and groups, 22 
Distillation, 237 
Distribution coefficient, 271 
Downcomer, 163 
Draft, 219 

actual, 219 

theoretical, 219 
Dry box, 215 

Dry-bulb temperature, 384 

Dry ice, 417 

Drying, 392 

Dry test meter, 215 

Duhring plots, 246 

Dulong formula, 495 

Electrical Power, 602 
Elements, see table, back cover 
Endothermic reaction, 440 
Energy: 

internal, 315 

kinetic, 315 

potential, 315 



Enthalpy: 
definition of, 321 
deviation, 388 
of reaction, 442 
table, 363 

Enthalpy-concentration diagrams, 399 

ammonia-water, 403 

H 2 S0 4 -H 2 0, 399 
Enzyme, 4, 481 
Equation-based: 

calculations, 511 

simulation, 522 
Equation of state: 

Benedict-Webb-Rubin, 202 

compressibility factor, 206 

cubic, 203 

ideal gas. 191 

SRK (Soave-Redlich-Kwong), 203 

virial, 201 
Equilibrium: 

constant for chemical reaction, 122 

liquid-liquid, 271 

reaction, 121 

solid-liquid, 264 

stage, 295 

vapor-liquid: 
multicomponent, 255 
one condensable component, 249 
Ethane dehydrogenation, 490 
Ethanol, synthesis from ethylene, 175 
Ethyl chloride synthesis, 488 
Evaporation, multiple-effect, 421, 422 
Excess air or oxygen, 145 
Excess reactant, 118 
Exothermic reaction, 440 
Expansion work, 343 
Explosive range, 470 
Exposure level, permissible, 218 
Extensive variable, 247 
Extent of reaction, 119 

use in mass balances, 130 
Extract, 107 
Extraction, 238 
Extrapolation, 23 

Farblunget, J.S., 77 

Fat fraction in human body, 66 

Fermentation, 481 

Fern, 32 

First law of thermodynamics, 316 
Fitting, see Curve-fitting 
Flame, 471 

front, 471 

stationary, 472 

velocity, 471 
Flammability limits, 158, 219, 470 
Flare, 584 
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Flash: 

evaporator, 426 
point, 282, 471 
tank, 353 

vaporization, 405, 418 
Flashback, 472 

Floods of Suds One-Day Laundry Service, 169 
Flotation, 217 

Flow, cocurrent and countercurrent, 347 
Flowchart, 90 

scaling, 94 
Flowmeter, 46 

Thomas, 345 
Flow rate, 45 
Flowsheet simulation: 

commercial packages, 533 

equation-based, 522 

sequential modular, 511 
Flue gas, 143 
Force, 12 

Formaldehyde synthesis: 

from methane, 174 

from methanol, 429, 487 
Formation reaction, 447 
Fractional conversion, 118 
Fred, Old, 158 
Freeze concentration, 425 
Freeze drying, 425 
Freezing point, 242 

depression, 270 
Friction loss, 333 
Froth flotation, 217 
Fuels, 464 

Fuming sulfuric acid, see Oleum 

Gas chromatograph, 70 

Gas constant, see table inside back cover 

Gas hydrates, 300 

9c, 12 

Gibbs phase rule, 248 
Goalseek or goal seek, 612 
Graduate school, 3 
Gram-mole, 48 

Gravitational acceleration, 12 
Grocery sack, 340 

Half-life, 568 
Head, 54 

space, 585 
Heart, 345 
Heat, 315 
of combustion, standard, 448 
of formation: 
of ions, 464 
of solution, 460 
standard, 447 
of fusion, see Latent heat 
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of hydration, 493 
of melting, see Latent heat 
of neutralization, 460 
of reaction, 440, 442 

from heats of combustion, 449 

from heats of formation, 447 
sensible, 366 

of solution or mixing, 396 
selected values. 653 

of vaporization, see Latent heat 
Heat capacity: 

constant pressure, 368 

constant volume, 366 

estimation by Kopp's rule, 372 

mixture, 373 

table of, 635-637 
Heating value, 465 

higher, 465 

lower, 465 

net, 465 

total, 465 

of various fuels, table, 466 
Heat transfer coefficient, 347, 569 
Henry's law, 257 

constant, 257 
Hess's law, 446 
Hot tub, 412 
Humidification, 392 
Humidity, 253, 384 

chart, see Psychrometric chart 
Humid volume, 387 
Hydrated salts, 267 
Hydrates, gas, 300 
Hydraulic power generation, 336 
Hydrogen, molecular versus atomic balances, 
126 

Hydrostatic pressure, 54 
Hygrometer, 36, 224, 285 

Ideal gas, 192 

equation of state, 191 

mixture. 196 
Ideal solution, 258, 259, 396 
Ideal stage, 295, 534 
Ignition, 470 

lag, 470 

temperature, 470 
Incompressible substance, 189 
Independent balances, 96 
Independent equations, 127 
Independent species, 126 
Indicator dilution method, 163 
Initiator, 579 
Intensive variable, 247 
Internal energy, 315 

of reaction, 444 
Interpolation, 23 
Iso-octane synthesis, 179 



Isothermal, 338 
Isotherm, adsorption, 275 

Freundlich, 308 

Langmuir, 276 

Kay's rule, 211 
Kidney, artificial, 162 
Kinetic energy, 315 
Kopp's rule, 372 

Lagniappe, T. 69 
Latent heat: 
estimation, 381 
of fusion, 378 

of various substances, Table B.l 
of vaporization, 243, 378 
of water, 378 
Leaching, 237 

Least squares, method of, 607 
Lever rule, 405 
Light, speed of, 31 
Liquefied petroleum gas, 142 
Liquid extraction, 238 
Limiting reactant, 118 
Lizard Lick, North Carolina, 32 
Logarithmic coordinates, 28 

log scale, 28 

semilog paper, 28 
Louis Louis, 77 

Manipulated variable, 521 
Manometer, 57 

differential, 57 

equation, 58 

fluid, 57 

inclined, 76 

open-end, 57 

sealed-end, 57 
Mash, 481 
Mass fraction, 49 
Mean (of a data set), 17 
Mechanical energy balance, 334 
Melting point, 242 
Meshuggeneh, H., 351 
Methanol synthesis, 227, 229 
MIBK-acetone-water phase diagram, 274 
Michaelis-Menten kinetics, 569 
Microbial culture, 35 
Miscibility, 271 
Modules, 511 
Mol, see Gram-mole 
Molal humidity, 253 
Molarity, 52 
Molal saturation, 253 
Molecular weight, 47 

average, 51 

polymer, 579 
Mole fraction, 49 



Monomer, 579 

Natural gas, 142 
Nauseum, 71 
Newman, Paul, 74 
Newton-Raphson method, 619 
Newton's corrections, 208 
Newton's rule, 613 
NO X ,602 

Normal boiling point, 242 
n" 1 -order rate law, 568 
Numerical integration, 623 

Oleum, 291 

Open system, 318 

Operation, 42 

Orange juice, 166 

Order-of-magnitude estimates, 15 

Orifice meter, 46 

Orsat analysis, 144 

Ossabaw Paper Company, 502 

Overhead product, 294 

Oxygen, theoretical and excess, 145 

Partial pressure, 196 

Partition ratio, see Distribution coefficient 
Parts per million and parts per billion, 53 
Pascal, 54. See also conversion factors, inside 

front cover 
Peng-Robinson equation of state, 203 
Percentage humidity, 254 
Percentage saturation, 254 
Perfect gas, see Ideal gas 
Permissible exposure level (PEL), 218 
Phase diagram, 240 

for C0 2 ,241 

for H 2 0, 241 

triangular, 273 

for water-acetone-MIBK, 274 
Phase rule, see Gibbs phase rule 
Pitzer acentric factor, 201 
Polymer, 579 

molecular weight, 579 
Polymerization, 580 

suspension, 580 
Polyvinyl chloride, 579 

chlorinated, 580 
Porosity, 214 
Portland cement, 225 
Potential energy, 315 
Poundal, 32 
Power generation, 602 

ppm (parts per million), ppb (parts per billion), 
53 

Prandtl number, 34 
Precision, 13 
Preexponential factor, 41 
Preheater, 498 
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Pressure. 54 
absolute. 56 
atmospheric. 54 
bubble point, 259 
critical. 200 
dew point. 260 
fluid, 54 
gauge. 54 
head, 54 
hydrostatic, 54 

maximum allowable working (MAWP). 
231 

partial, 196 

pseudocritical. 211 

pseudoreduced. 201 

reduced. 201 

standard. 194 

vapor. 242 
Process: 

batch. 84 

continuous. 84 

definition. 42 

hypothetical path. 360 

optimization. 99 

semibatch. 84 

steady-state. 84 

streams. 42 

transient. 84 

unsteady-state. 84 
Psychrometer. 430 
Psychrometric chart, 384 

air-water. 385. 386 
Purge stream. 138 
Purification processes, 237 
Pxy diagram. 262 
Pyrometer. 60 

Quadrature. 377, 622 
Quality assurance. 33 
Quality of steam, 347 

Rackstraw. R., 412 
Raffinate. 107 
Range (of a data set), 18 
Raoult's law: 
general. 257 

single condensable species, 249 
Rayleigh, still. 574 
Reactant: 

excess, 118 

limiting. 118 
Reaction: 

irreversible. 121 

rate. 155 

rate constant. 38, 79 

reversible. 121 
Reasonableness, test of. 15 
Recycle. 110 
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Reference state, 325, 359 
Reference substance plot, 245 
Reforming 492, 592 
Reflux, 166, 294 
Refrigeration, 349 
Regula-falsi method, 613 
Relative humidity, 253, 387 
Relative saturation, 253 
Relative volatility, 295 
Residence time, 181 
Residual, 607 
Respirator, 278 
Reynolds number, 34 
Rotameter, 46 
Rupture disk, 578 

Saccharification, 481 
Sample: 

mean, 17 

range, 18 

standard deviation, 18 

variance, 18 
Saturation, 249 

adiabatic, 395 

of a liquid solution, 264 
Scaling (up or down) process flowchart, 94 
SCF (standard cubic feet), 194 
Schlimazel, L., 71 
Scientific notation, 13 
SCM (standard cubic meters), 194 
Scrubbing, 237 

Seawater evaporation, 168, 422 
Sedimentation, 161 
Selectivity, 123 

in extraction, 307 
Semibatch (semicontinuous) process, 84 
Separation process, 237 
Sequential modular: 

calculations, 511 

flowsheet simulation, 511 
Settera, E., 72 
Shock wave, 472 
Significant figures, 13 
Simpson's rule, 621 
Simulation, see Flowsheet simulation, 
Simultaneous mass and energy balances, 332, 458 
Siphon, 335 

SI units (Systeme International d'Unites), 10 
Sling psychrometer, 430 
Sludge, 502 
Slug, 32 

Soave-Redlich-Kwong (SRK) equation of state, 
203 

Solubility, 264 

coefficient of a gas in a liquid, 291 

of KN0 3 , NaCl, and Na 2 S0 4 , 266 
Solute, 107 
Solvent, 107 



Space velocity, 235 
Sparger, 578 
Specialty chemicals, 4 
Specific gravity, 43 

selected values, 628-634 
Specific property, 321 

enthalpy, 321 

enthalpy of selected gases, 652 
heat, 369 

kinetic energy, 321 

molar volume, 192 

volume, 43 
Spray cooling, 392, 433 
Spray drying, 216 

Spreadsheet, nonlinear equation, 612 
SRK, see Soave-Redlich-Kwong equation of 

state 
Stack gas, 143 

Stage, ideal or equilibrium, 295 
Standard: 

conditions, 194 

deviation, 18 

heat of combustion, 448 

heat of formation, 447 

heat of reaction, 443 
State: 

property, 326 

variable, 505 
Statistical quality control, 19 
Steady-state process, 84 
Steam: 

quality, 347 

reforming, 592 

tables, 642-651 
description, 327 

trap, 348- 
Stoichiometric equation, 116 

coefficients, 116 

proportion, 116 

ratio, 117 

requirement, 118 
Stoichiometry, 116 

STP (standard temperature and pressure), 194 

Strawberry jam, 158 

Stripper, 168 

Styrene synthesis, 487 

Subcooled liquid, 327 

Sublimation point, 242 

Successive substitution, 616 

Supercritical fluid, 200 

Superheated steam, 327 

Superheated vapor, 250 

Supersaturation, 264 

Synthesis gas, 591 

Tear: 

the cycle, 515 
stream, 515, 601 



Temperature, 
absolute, 60 

adiabatic flame, 236, 466 

adiabatic reaction, 456 

adiabatic saturation, 395 

autoignition, 470 

bubble point, 259 

conversion among scales, 61 

critical, 200 

dew point, 259 
humid air, 387 

dry-bulb, 384 

human body, 347 

ignition, 470 

pseudocritical, 201 

pseudoreduced, 201 

reduced, 201 

scales, 60 

standard, 194 

wet-bulb, 387 
Terephthalic acid (TPA), 228 
Theoretical air or oxygen, 145 
Thermocouple, 60, 77 
Thermometer, 60 

resistance, 60 
Thomas flowmeter, 345 
Threshold limit value (TLV), 234 
Tie lines, 273, 403 
Tracer, 163, 567 
Transient process, 543 
Trapezoidal rule, 623 
Tray, 163 
Triple point, 242 
Troubleshooting, 42 
Trouton's rule, 381 
Turbine, 324 
Turnaround, 73 
Turndown, 42 
Txy diagram, 262 

for benzene-toluene, 262 

Ultimate analysis: 

of coal, 494 

of fuel oil, 225 
Unit, 8 

base, 10 

compound, 10 

conversion, 11 

conversion factors, printed on inside front 

cover 
derived, 10 
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multiple, 10 
systems of, 10-11 

Validation of results, 15 
Van der Waals equation, 203 
Vapor compression, 420 
Vapor pressure, 242 

estimation, 244 

lowering, 269 

of water, 638-639 

paper, 246 
Variable: 

design, 99 

extensive, 247 

intensive, 247 

manipulated, 521 

random. 16 

state, 505 
Variance (of a data set), 18 
Venturi meter, 354 
Virial: 

coefficient, 201 

equation of state, 201 
Void fraction, 66, 214 
Volatility. 243 

relative, 295 
Volume: 

fraction or percentage in ideal gases, 

197 
humid, 387 
pure-component, 196 
standard, 194 

Waste heat boiler, 375, 413 
Water-gas shift reaction, 592 
Water of hydration, 267 
Watson correlation, 382 
Wegstein algorithm, 617 
Weight, 12 

Wet bulb temperature, 387 
Whizzo, 169 
Work, 315 

expansion, 343 

flow, 320 

shaft, 320 

Xylene isomers, 238 
Yield, 123 
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e. You may not use the Licensed Program on more than one computer system, make or distribute unauthorized copies of 
the Licensed Program or User Manual(s), create by decomplilation or otherwise the source code of the Licensed 
Program or use.copy. modify, or transfer the Licensed Program, in whole or in part, or User Manual(s), except as ! 
expressly permitted by this Agreement. 

If you transfer possession of any copy or modification of the Licensed Program to any third party, your license is automatically 1 
terminated. Such termination shall be in addition to and not in lieu of any equitable, civil, or other remedies available to Wiley. 

Term: This License Agreement is effective until terminated. You may terminate it at any time by destroying the Licensed 
Program and User Manual together with all copies made (with or without authorization). 

This Agreement will also terminate upon the conditions discussed elsewhere in this Agreement, or if you fail to comply with ^ 
any term or condition of this Agreement. Upon such termination, you agree to destroy the Licensed Program, User Manual 
(s), and any copies made (with or without authorization) of either. ; 

Wiley's Rights: You acknowledge that all rights (including without limitation, copyrights, patents and trade secrets) in the 
Licensed Program (including without limitation, the structure, sequence, organization, flow, logic, source code, object code 
and all means and forms of operation of the Licensed Program) are the sole and exclusive property of Wiley. By accepting : 
this Agreement, you do not become the owner of the Licensed Program, but you do have the right to use it in accordance 
with the provisions of this Agreement. You agree to protect the Licensed Program from unauthorized use, reproduction, or ; 
distribution. You further acknowledge that the Licensed Program contains valuable trade secrets and confidential informa- ! 
tion belonging to Wiley. You may not disclose any component of the Licensed Program, whether or not in machine readable 
form, except as expressly provided in this Agreement. 

WARRANTY: TO THE ORIGINAL LICENSEE ONLY, WILEY WARRANTS THAT THE MEDIA ON WHICH THE LICENSED PROGRAM 
IS FURNISHED ARE FREE FROM DEFECTS IN THE MATERIAL AND WORKMANSHIP UNDER NORMAL USE FOR A PERIOD OF 
NINETY (90) DAYS FROM THE DATE OF PURCHASE OR RECEIPT AS EVIDENCED BY A COPY OF YOUR RECEIPT. IF DURING THE ; 
90 DAY PERIOD, A DEFECT IN ANY MEDIA OCCURS, YOU MAY RETURN IT. WILEY WILL REPLACE THE DEFECTIVE MEDIA i 
WITHOUT CHARGE TO YOU. YOUR SOLE AND EXCLUSIVE REMEDY IN THE EVENT OF A DEFECT IS EXPRESSLY LIMITED TO i 
REPLACEMENT OF THE DEFECTIVE MEDIA AT NO ADDITIONAL CHARGE. THIS WARRANTY DOES NOT APPLY TO DAMAGE OR ' 
DEFECTS DUE TO IMPROPER USE OR NEGLIGENCE. 

THIS LIMITED WARRANTY IS IN LIEU OF ALL OTHER WARRANTIES, EXPRESSED OR IMPLIED. INCLUDING WITHOUT LLMI- I 
TATION, ANY WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ' 
EXCEPT AS SPECIFIED ABOVE, THE LICENSED PROGRAM AND USER MANUAL(S) ARE FURNISHED BY WILEY ON AN "AS IS" 
BASIS AND WITHOUT WARRANTY AS TO THE PERFORMANCE OR RESULTS YOU MAY OBTAIN BY USING THE LICENSED PRO- 
GRAM AND USER MANUAL(S). THE ENTIRE RISK AS TO THE RESULTS OR PERFORMANCE, AND THE COST OF ALL NECESS ARY 
SERVICING, REPAIR, OR CORRECTION OF THE LICENSED PROGRAM AND USER MANUAL(S) IS ASSUMED BY YOU. 
IN NO EVENT WILL WILEY OR THE AUTHOR, BE LIABLE TO YOU FOR ANY DAMAGES, INCLUDING LOST PROFITS, LOST S AV- '< 
INGS, OR OTHER INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING OUT OF THE USE OR INABILITY TO USE THE ! 
LICENSED PROGRAM OR USER MANUAL(S), EVEN IF WILEY OR AN AUTHORIZED WILEY DEALER HAS BEEN ADVISED OF THE 1 
POSSIBILITY OF SUCH DAMAGES. 

General: 

This Limited Warranty gives you specific legal rights. You may have others by operation of law which varies from state to state. If any of ; 
the provisions of this Agreement are invalid under any applicable statute or rule of law, they are to that extent deemed omitted. 
This Agreement represents the entire agreement between us and supersedes any proposals or prior Agreements, oral or written, and j 
any other communication between us relating to the subject matter of this Agreement. ' 
This Agreement will be governed and construed as if wholly entered into and performed within the State of New York. You acknowl- i 
edge that you have read this Agreement, and agree to be bound by its terms and conditions. 



The accompanying CD 
—INTERACTIVE CHEMICAL PROCESS PRINCIPLES (ICPP)— 
is a guide and toolkit for students using this text 
in an introductory chemical engineering course. It also contains reference materials 
that should be useful throughout the chemical engineering curriculum. 

ICPP HAS THE FOLLOWING COMPONENTS: 

Index of Learning Styles A student's learning style is the way the student tends to take in and process information. The 
Index of Learning Styles (ILS) is a 44-item questionnaire used to assess preferences on four learning style dimensions 
(active/reflective, sensing/intuitive, visual/verbal, and sequential/global). By completing this questionnaire, you can get 
information about your learning style preferences, which in turn suggests the types of teaching and studying that work well 
for you and the types that don't. We also offer suggestions for the most effective way to use this CD based on your learning 
preferences. We suggest you complete this questionnaire and make use of the results early in your course studies. 

Instructional Tutorials This section of ICPP contains six instructional tutorials, each designed to be worked through at a 
different point of the introductory course. The tutorials describe systems, pose problems, and guide you through the solu- 
tions. There are several ways to approach the tutorials. The easy way, and the least valuable, is simply to look for the answers 
rather than attempt to solve the problems. The only way to get the full benefit of the tutorials is to try to solve the problems 
yourself first, and then to check yourself by looking at the correct solutions. 

Visual Encyclopedia of Chemical Engineering Equipment Many of the problems in the text make reference to com- 
mon chemical process equipment, such as heat exchangers, pumps, separation process units (absorption towers and distilla- 
tion columns), and various types of chemical reactors. In most cases, you won't have to know how these various pieces of 
equipment work to solve the problems, but you may avoid confusion by getting a good picture of how they work before you 
begin the analysis. By clicking on the equipment type in the Visual Encyclopedia (developed by Professor Susan 
Montgomery and her students at the University of Michigan and distributed by permission from The Regents of the 
University of Michigan), you will obtain a photograph and/or a cutaway view of the equipment item, along with a short 
description of how it works and where in the chemical industry it tends to be used. Note: The CD must be in the CD drive 
in order to access this encyclopedia. 

E-Z Solve This is a powerful and easy-to-use equation-solving and graphing program. You can use it to solve a set of lin- 
ear or nonlinear algebraic equations of the type you will encounter in almost every problem in Chapters 2-10 of the text. You 
can also use it to solve linear or nonlinear ordinary first-order differential equations of the type found in Chapter 1 1 . The 
set of already solved examples is provided in the subfolder Examples, which you can access from the File|Open menu. 
Before you first attempt to use the program to solve a problem, you should click on Help on the menu bar and then on 
Tutorial on the pull-down menu that appears. Working through the tutorial is the easiest way to learn to use the application. 

Physical Properties Database This section contains an on-line version of the physical property tables in Appendix B of 
the text. On the Physical Properties screen, you can look up any of the properties listed in Table B.l of the text (molecular 
weight, specific gravity, etc.) for a specified species. On the Heat Capacities screen, you can find the heat capacity of a spec- 
ified species at a specified temperature and 1 atm. You can also access a polynomial function for the heat capacity, like those 
listed in Table B.2 of the text, by copying the function name, pasting it into E-Z Solve, and entering a desired temperature 
as an argument. In the Steam Tables window, you can look up the specific volume, specific internal energy, and specific 
enthalpy of liquid water, saturated steam, or superheated steam at a specified temperature and pressure. You can also copy 
and paste the corresponding functions into E-Z Solve. 

NAVIGATING ICPP 

The installation creates icons in the Windows Start Menu and you can access any component from the Start Menu by click- 
ing on the icons. The Main Menu that provides links to each component; this provides the easiest way to access each com- 
ponent of ICPP. 

SYSTEM REQUIREMENTS 

The software will run on Windows-compatible PCs, under Windows 95, 98, or NT 4.0. Recommended configuration is 486 
DX 66, 16 MB RAM (64 MB RAM for NT), SVGA monitor (16-bit colors with 640x480 minimum resolution), 4X CD- 
ROM, video card, sound card, and speakers. A Web browser (Netscape Navigator 4.0 or Microsoft Internet Explorer 4.0) 
must be available to access the Index of Learning Styles component. 
About 10 MB of free hard disk space will be required. 

Installation instructions are printed on the CD. 
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ATOMIC WEIGHTS AND NUMBERS 



Atomic weights apply to naturally occurring isotopic compositions and are based on an atomic mass 
of l2 C = 12 
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Atomic weights apply to naturally occurring isotopic compositions and are based on an atomic 
mass of U C = 12 
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THE GAS CONSTANT 

8.314 m 3 -Pa/(mol-K) 
0.08314 L-bar/(mol-K) 
0.08206 L-atm/(mol-K) 

62.36 L-mrn Hg/(mol-K) 
0.7302 ft 3 atm/(lb-mole-°R) 

10.73 ft 3 -psia/(lb-mole-°R) 

8.314 J/(mol-K) 
1.987 cal/(mol-K) 
1.987 Btu/(lb-mole-°R) 



GAIN A BETTER UNDERSTANDING 
OF CHEMICAL PROCESSES 



Material that's presented in a very clear and accessible way... frequent use of examples... case 
studies based on commercial processes... a CD-ROM with instructional tutorials, a powerful equa- 
tion solver, and a visual encyclopedia of chemical process equipment... These are just a few of the 
features of this text that help provide a realistic, informative introduction to chemical processes. 

Key Features of the Third Edition 

• Nearly every section in the third edition has been revised to provide increased clarity. 

• Hundreds of new and revised problems and new case studies cover a broader spectrum of chemi- 
cal engineering applications. 

• Some problems require spreadsheeting, and others call for using equation-solving software. 

• The INTERACTIVE CHEMICAL PROCESS PRINCIPLES (ICPP) CD-ROM provides an active 
learning environment. With this software, students respond to questions and receive immediate 
feedback, explore variations in process parameters and see the effects of their changes on process 
operations, and more. 

• 2005 Edition Icons in the text margin let you know when it's most helpful to use the ICPP CD- 
ROM and the Student Workbook. 
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